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phases  present  in  the  subsolidus  region,  as  well  as  under  high  pressure 
conditions,  are  described.  Information  is  given  on  low  temperature 
synthesis  and  compatibility  triangles  are  presented,  characterizing 
the  coexistence  of  phases  below  the  liquid  temperature.  The  hand¬ 
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ANNOTATION 


"  In  the  third  issue  of  the  handbook  Phase  Diagrams  of 
Silicate  System s,  information  is  included  on  the  phase  relation¬ 
ships  in  systems  containing  silica  and  two  other  oxides  (for 
example,  AI2O3'  B2O3,  MgO,  CaO,  BaO,  NaoO,  K2O,  LnoOo, 
Ge©2»  T1O2,  zJrOjj*  (^03,  MnO,  Fed;  Fe2C>3,  H2O, 

fluoride svand  others).  The  systems  examined  are  die  physico¬ 
chemical  basis  for  production  of  refractories,  various  types 
of  ceramics,  glass,  materials  for  radioelectronics,  nuclear 
engineering,  etc.  Not  only  are  equilibrium  phase  diagrams 
presented  in  the  handbook,  but  the  phases  existing  in  the  sub- 
solidus  region,  as  well  as  under  high  pressure  conditions,  are 
described.  Some  physical  constants  are  given  (optical  prop¬ 
erties,  structural  characteristics,  etc.)  of  the  major  compounds 
existing  in  the  corresponding  systems..  About  200  systems  over¬ 
all  are  described  in  the  000k.  Bibliography  -  -  1087  titles.  1-01 
figures,  80  tables. 


FOREWOPD 


Modern  technology  requires  more  and  more  new  materials  i  on 
refractory  oxides.  Oxides  which  quite  recently  were  considered  to  be  only 
objects  of  laboratory  studies  have  acquired  industrial  importance.  In  recent 
years,  study  has  expanded  considerably  on  systems  which  include  the  di¬ 
oxides  of  germanium,  titanium,  zirconium  and  thorium,  the  oxides  of  vana¬ 
dium,  niobium  and  tantalum,  molybdenum  and  tungsten  and  many  others. 

The  result  of  all  this  has  been  that  the  number  of  3 -oxide  systems  studied 
has  increased  considerably.  While  the  number  of  3-component  silicate 
systems  is  55  in  the  handbook  of  D.  S.  Belyankin,  V.  V.  Lapin  and  N.  A. 
Toropov,  Physicochemical  Sytems  in  Silicate  Technology  (Moscow, 
1954),  about  200  systems  are  described  in  the  edition  offered.  Two  issues 
have  been  published  for  ternary  systems.  The  next,  fourth  issue  will  be  de¬ 
voted  to  3 -component  nonsilicate  systems. 

In  the  handbook,  the  principal  attention  is  given  to  examination  of  equi¬ 
librium  phase  diagrams:  crystal -liquid  equilibria,  polymorphic  conversions 
and  solid  solutions  in  the  systems.  As  in  the  preceding  issues,  information 
is  given  here  on  the  properties  of  crystalline  phases  synthesized  in  the  sys¬ 
tems  examined  (crystal  constants.  X-ray  parameters). 

In  practice  (in  ceramic  engineering,  metallurgical  processes,  etc.), 
the  subsolidus  region,  the  region  of  solid  phase  reactions,  becomes  of  great 
importance.  In  the  handbook,  besides  information  on  low -temperature  syn¬ 
thesis,  phase  coexistence  triangles  are  presented  (also  called  compatibility 
triangles  or  elementary  triangles  in  the  literature),  characterizing  the  co¬ 
existence  of  phases  below  the  liquidu?  temperature. 


At  the  present  time,  more  and  more  attention  is  being  given  to  the 
studies  of  phase  conversions  at  high  pressures.  The  work  existing  in  this 
field  is  reflected  in  the  handbook. 

There  is  no  necessity  for  proving  the  importance  of  the  results  of 
studies  of  3 -component  oxide  systems  for  many  branches  of  modern 

technology.  Compositions  of  various  degrees  of  complexity  are  used  in  prac 
tice,  but  a  base  can  usually  be  distinguished  in  these  compositions,  repre¬ 
senting  a  three -component  system,  and  the  remaining  oxides  are  additives, 
as  a  matter  of  fact,  which  sometimes  significantly  affect  the  physical  prop¬ 
erties  of  the  corresponding  materials. 

V.  P.  Barzakovskiy 
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EXPLANATIONS  FOR  THE  THIRD  ISSUE 

In  the  handbook,  together  with  the  complete  formulas  of  the  chemical 
compounds,  abbreviations  for  them  are  used  (if  special  stipulations  are 
net  made);  in  this  case,  the  numerical  coefficients  are  written  in  the  form  of 
subscripts,  for  example  N^BgSg,  or  molecular  ratios,  4:2:5  (=  4Na20  2BaO. 
5Si02). 

The  temperature  is  given  everywhere  in  degrees  Centigrade,  and  ex¬ 
ceptions  are  accompanied  by  the  appropriate  indications  (for  example, 

°K). 

The  legends  on  the  figures  usually  are  abbreviated.  The  most  frequently 
used  abbreviations  are  L  —  liquid,  ss  --  solid  solution. 

The  unit  cell  parameters  of  chemical  compounds  and  solid  solutions 
are  given  in  the  same  units  of  measurements  which  were  used  by  the  authors 

of  the  corresponding  literature  sources.  Such  units  are:  A  and  kX. 

-8 

1.  A  —  angstrom  —  10  cm. 

2.  kX  —  kiloX-  1000X  •  1.002063  ±.  0.000007  A;  X  is  the  X-ray 
standard  of  wave  length,  determined  by  means  of  the  Wolfe-Bragg  formula, 
on  the  basis  of  measurement  of  d(200)  of  rock  salt. 


i  .  M 
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ALKALI  SILICATE  SYSTEMS 
Li20  —  Na2Q  —  Si02 

The  system  has  been  studied  by  Kracek  [2J.  He  has  plotted  phase  dia¬ 
grams  for  the  following  partial  systems:  NagO-  SiOg  --  Li„0*  SiOg  —  SiOg 
(Fig.  1),  Na20-Si02  —  LigO*  SiOg  (Fig.  2),  Na20*2Si02  —  LigO'SiOg 
(Fig.  3),  Na20*2Si02  —  LigO'2SiOg  (Fig.  4). 

The  solid  solutions  found  in  the  partial  system  NagO*  SiOg  --  LigO* 

SiOg  extend  from  pure  Nag  SiOg  to  die  limiting  composition,  corresponding  to 
the  formula  NaLiSiOg.  This  compound,  which  can  be  considered  as  a  sodium - 
lithium  metasilicate  actually  is  the  final  member  of  a  series  of  solid  solutions 
of  the  class  Nag  SiOg  --  NagLigSigOg.  Of  course,  there  is  no  field  for  this 
compound  in  the  ternary  diagram. 

The  fusibility  diagram  of  the  partial  system  NagO*  SiOg  --  LigO*  SiOg, 
from  the  data  of  Bergman  and  colleagues  [1],  is  presented  in  Fig.  5.  The 
compound  NaLiSiOg  (final  member  of  the  solid  solutions)  has  the  following 
crystallographic  characteristics;  rhombic  prisms  with  definite  cleavage  in 
two  directions;  elongation  is  parallel  to  Y;  2V°  is  very  large;  refraction  in 
Na  light:  Ng  -1.571,  Nm  -  1.557,  Np  =  1.552. 
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Fig.  1.  Phase  diagram  of  NagSiOg  --  Li^SiOg  — 
SiOg  system  (from  Kracek). 

Key: 

a.  Quartz  e.  Cristobalite 

b.  Tridymite  d.  Weight  % 
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Fig.  2.  Phase  diagram  of  partial  system 
Na20*Si02  —  LigOSiOg  (from  Kracek). 

Key: 

a.  Weight  % 
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Ohj  20  40  SO  90  VO 

McrfiZSiO,  -  *Bec%  UJSiO, 

Fig.  3.  Phase  diagram  of  partial  system 
Na20  2Si02  --  LigO*  SiOg  (from  Kracek). 

Key:  a.  Weight  % 


ttcfiZ\Q2  bSec.%  UJiSiQ, 

Fig.  4.  Phrase  diagram  of  partial  system 
Na20*2Si02  --  Li20*2Si02  (from  Kracek). 

Key:  a.  Saturated  solid  solution 

b.  Weight  % 
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Fig.  5.  Fusibility  diagram  of  partial 
system  NagO*  SiOg  —  LigO*  Si02  (from 

Bergman  and  colleagues). 

Key: 

a.  Mole  % 


BIBLIOGRAPHY 
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LigO  K<jO  "*  SiOg 

The  system  has  been  studied  by  Sheybany  [2J.  The  existence  of  five 
ternary  compounds  has  been  established:  LigO*  KgO*4SiOg  (1:1:4),  LigO* 
2KgO*  6Si02  (1:2:6),  2Li20*  5KgO*  7SiOg  (2:5:7),  Li20*  5K20*  7Si02  (1:5:7) 
and  LigO*  SKgO*  4Si02  (1:3:4).  A  phase  diagram,  bounded  by  the  triangle 
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LigO'SiOg  ~  KgOSiOg  —  SiOg,  is  presented  in  Fig.  6.  Compound  1:2:6 
exists  in  the  form  of  4  polymorphic  modifications  with  regions  of  stability: 

<C  from  the  melting  temperature  (815°)  to  500°;  0  from  500  to  250°;  y*  from 
250  to  40°;  the  8  modification  is  stable  below  40°.  Compound  2:5:7  forms  two 
modifications,  with  a  transition  temperature  of  390°. 


o 


C) 


{  1 


Fig.  6.  Phase  diagram  of  Li„0-  Si00  -- 
KgOSiOg  —  SiOg  system  (from  Sheybany): 

A.  LigO-  KgO-  4S.C>2;  B.  LigO-  2KgO*  6SiOg; 

C.  2LigO*5K2C‘7SiC>2;  D.  LigO- 5KgO' 7SiOg; 


E.  LigO'  3KgO-  4SiOg. 


Key: 

a.  Mole  % 
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Bergman  and  colleagues  [1]  visually  studied  crystallization  of  the  binary 
profile  of  LigSiOg  —  KgSiOg  (Fig.  7).  Two  ternary  compounds  were  found 
here:  LigO*  3KgO*  4SiOg  and  3LiOg*  2KgO*  5SiOg.  The  latter  compound  was 
not  noted  by  Sheybany. 


: c 


Fig.  7.  Fusibility  diagram 
of  partial  system  LigO*  SiOg  — 

KgO*  SiOg  (from  Bergman  and 

colleagues). 

Key: 

a.  Mole  % 


BIBLIOGRAPHY 
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Na20  —  KjO  —  Si02 

Kracek  [1]  has  studied  the  part  of  the  systeno  encompassing  the  region 
o  located  between  potassium  and  sodium  metasilicates  and  silica  (Fig.  8-10). 

Formation  of  ternary  compounds  within  these  limits  was  not  detected.  A  low 
mutual  solubility  of  potassium  and  sodium  disilicates  (KgSigOg  and  NagSigOg) 
was  established. 


Fig.  8.  Phase  diagram  of  NagO’SiOg  —  KgO-SiOg  — 
SiOg  system  (from  Kracek) 

Key: 

a.  Solid  solutions 

b.  Quartz 

c.  Tridymite 

d.  Cristobalite 

e.  Weight  % 
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Fig.  9.  Phase  diagram  of  partial 
system  of  NagO*  SiOg  —  KgO*  SiOg 

(from  Kracek). 


Key:  a.  Weight  % 
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Fig.  10.  Phase  diagram  of  partial 
system  NagO*  2  SiOg  --  KgO*  2SiOg 

(from  Kracek). 


Key:  a.  Weight  % 
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CUPRITE -SILICATE  SYSTEMS 
MgO  --  CuO  --  SiOg 

•  » 

Borchert  and  Kramer  [1]  obtained  solid  solutions  of  the  metasilicate 
series  MgSiOg  —  "CuSiOg, "  where  "CuSiOg”  is  a  hypothetical  compound,  by 
the  solid  phase  synthesis  method  (at  800-1050°). 

50%  of  the  Mg  ions  can  be  replaced  by  Cu  ions  and,  therefore,  the 
solid  solution  formulas  should  be  represented  as  (.  lgCu)0-  MgO*  2Si09.  The 

it 

formation  of  the  solid  solutions  examined  takes  place  better  in  the  presence 
of  CUgO,  but  Cu'k  ions  do  not  enter  the  lattice.  Beginning  at  800-850°,  the 
copper  content  in  the  solid  solution  decreases  and,  at  1075°,  practically 
pure  protoenstatite  is  obtained. 

BIBLIOGRAPHY 
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MAGNESIA -SILICATE  SYSTEMS 


LigO  —  MgO  —  SiOg 

The  system  has  been  studied  by  Murthy  and  Hummel  [1],  in  the  region 
bou  ided  by  the  triangle  SiOg  —  LigSiOj.  —  MggSiO^.  Silicate  glasses  contain¬ 
ing  small  amounts  of  lithium  and  magnesium  cations,  are  promising  for  pro¬ 
duction  of  crystalline  glass  materials,  sitalls,  from  them.  One  ternary  com¬ 
pound  LigO*  MgO*  Si02  has  been  found,  which  crystallizes  with  difficulty, 
with  indices  of  refraction  Ng  *  1. 599  and  Np  *  1. 590. 


Fig.  11.  Phase  diagram  of  partial 
system  LigSiOg  —  MggSiO^  (from 

Murthy  and  Hummel). 

Key: 

a.  Weight  % 


The  LigSiOg -MggSiO^  profile  is  presented  in  Fig.  11.  Formation  of 
the  ternary  compound  LigO*  MgO-  SiOg  is  visible  here. 
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Fig.  12.  Phase  diagram  of  partial  system  LigSiOg 
MgSiO^  --  SiOg  (from  Murthy  and  Hummel). 

Key: 

a.  Cristobalite 

b.  Tridymite 

c.  Two  liquids 

d.  Forsterite 

e.  Weight  % 


A  ternary  diagram  is  shown  in  Fig.  12.  The  ternary  compound  field 
is  located  predominately  below  the  LigSiOg  -MggSiO^  profile,  and  only  a 
small  part  of  this  field  is  above  this  profile,  within  the  LigSiOg  -M gSiOg - 
MggSiO^  triangle.  The  immiscibility  region  of  the  two  liquids,  characteristic 
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of  the  MgO-SiOg  system,  extends  only  insignificantly  into  the  ternary  system 


in  the  Li20  direction. 


INVARIANT  POINTS  OF  LigO  —  MgO  —  SiOg  SYSTEM 


s 
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a 

k 

t 

- a - 

Coma,  ace.*/. 

* 
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uo 
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Key: 

a.  Points  (Fig.  12) 

b.  Phases 

c.  Process 

d.  Composition,  weight  % 

e.  Temperature,  °C 


f.  Liquid 

g.  Eutectic 

h.  Same 

i.  Reactions 


BIBLIOGRAPHY 
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NagO  --  MgO  --  SiOg 

The  system  has  been  studied  by  Botvinikin  and  Popova  [1J  and  by 
Manuylova  [2],  in  the  region  adjacent  to  SiOg  (Fig.  13).  The  existence  of  the 
following  ternary  compounds  has  been  established:  NagO*  MgO*  SiC9,  NagO* 
2MgO*  2Si02,  NazO*  2MgO*  6Si02> 
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mm 


Fig.  13.  Phase  diagram  of  NazO  --  MgO  —  SiOg 
system  (from  Botvinikin,  Popova  and  Manuylova) . 

Key:  a.  Weight  % 

Schreyer  and  Schairer  [4]  describe  the  compound  Na2<>  5MgO*  12SiC>2, 
of  the  osumilite  type.  Borchert  and  Petzenhauser  [3]  obtained  this  compound 
in  the  pure  form,  by  annealing  a  mixture  of  2Na2COg  +  5MgO  4*  l2Si02  at 
1100°;  upon  annealing  a  mixture  composed  of  Na2C03+  5MgO  +  12Si02, 
together  with  the  osumilite  phase,  a  new  hexagonal  phase  of  unknown 
stoichiometry  was  obtained. 


TABLE  I 


INVARIANT  POINTS  OF  NagO  ~  MgO  —  SiOg  SYSTEM 


IX  tynau 
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Key: 


a.  Phases 

b.  Process 

c.  Temperature  °C 

d.  Liquid 

e.  Eutectic 


TABLE  H.  CRYSTALLINE  PHASES  OF  Na20  —  MgO  —  Si02  SYSTEM 


<t  CocaUHCMK 

b  CitCTCMa 
«pn<.Tajwo» 

Kg 

Np 

ZV’ 

Oma- 

wck:*;? 

^anan 

Onni’jecr.-.n 

o:'.T^Tiipoiii:r. 

Na.0-MgO.SiO. 

Na>0-2Mg0-2Sf0t 

Ky6n*ecnaa 

MoaoRaaa- 

t  aaa 

1.523 

1.654 

1.641 

bBoJiamoft 

!;! 

Z/\cx*38° 

Na,0-2MgO-6SiO, 

9  To  mo 

1.546 

1.540 

» 

(+) 

Z  A«  =  24° 

Key: 


a.  Compound 

b.  Crystal  system 

c.  Optical  sign 

d.  Optical  orientation 


e.  Cubic 

f .  M  onoclinic 

g.  Same 

h.  Large 
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KgO  —  MgO  —  Si02 

The  system  has  been  studied  by  Roedder  [2],  The  formation  of  four 
ternary  chemical  compo  inds  has  been  established:  K^O*  MgO*  SiOg, 

KgO-  5 MgO*  12Si02,  K^O*  MgO*  3Si02  and  KgO*  MgO*  5Si02.  The  general  phase 
diagram  of  the  sytem,  with  isotherms  and  invariant  points  applied,  is  pre¬ 
sented  in  Fig.  14.  Binary  partial  systems  are  shown  in  Fig.  15.  In  this 
case,  the  dashed  lines  characterize,  not  binary,  but  ternary  equilibra  in  the 
sections  indicated.  The  partial  binary  system  MgO*  Si02  --  "K^O*  7Si02" 
is  given  in  Fig.  16. 

Borchert  and  Petzenhauser  [1]  obtained  the  compound  KgO*  5MgO* 

12Si02,  osumilite  type,  with  unit  cell  parameters  a^  *»  10. 22  i  0. 02, 

CqC  14.25  i  0.02  A,  by  annealing  an  appropriate  mixture  of  KgCOg,  MgO 
and  SiOg  at  1130°,  for  a  period  of  six  days.  In  this  case,  a  new  hexagonal 
phase  of  unknown  composition  (phase  KX)  was  obtained  simultaneously. 


Annealing  at  1200°  led  to  formation  of  only  the  KX  phase. 


Fig.  14.  Phase  diagram  of  KgO 
SiOg  system  (from  Roedder). 

Key: 

a.  Weight  % 


Fig.  15.  Phase  diagram  of  partial  systems 
related  to  the  ternary  3ystem  K„0  —  MgO  - 
SiOg  (from  Roedder).  & 

Key: 

a.  Weight  % 
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Fig.  16.  Phase  diagram  of  partial  system 
MgP'SiOg  --  "KgOTSiOg"  (from  Roedder). 

Key: 

a.  Forsteriti 

b.  Nonbinary 

c.  Tridymite 

d.  Weight  % 


-  24  - 


TABLE  I 

INVARIANT  POINTS  OJ’  KgO  —  MgO  —  Si02  SYSTEM 


• 
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b 

4)23,1 
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Upouc-oc 

d  OoMas,  tue ■•/, 
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(pHC.  It) 

KiO 

|  MgO 

1 
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J' 
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1131  U 
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6.7 
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T 
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O' 
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> 
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r 
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1 
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V 
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» 
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.V' 
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» 
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O' 
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— 
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»3irrcKTiiKa 

15.1 
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n 
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•3Si01-,-;Kii.’(KOCTi.f 

jTpiomin  +-K  20  -MrO  • 

» 
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u 

•SSiO.-.-K./MSiOj-t- 

+aaia*;o--wf 

2MgftSiO,+;.fsO. 
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16.4 
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i 
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1155+2 

i  -3 
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a.  Points  (Fig.  14) 

b.  Phases 

c.  Process 

d.  Composition,  weight  % 

e.  Temperature,  °C 


f.  liquid 

g.  Tridymite 

h.  M  elting 

i.  Eutectic 

j.  Reactions 
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TABLE  I  (continued) 


a 

To<m 

b 

9am 

c 
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42.0 

1350+50 

M' 

K10-Mjr0-Si01(?)+ 
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0.5 

1 
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TABLE  n.  CRYSTALLINE  PHASES  OF  KgO  —  MgO  —  SiOg  SYSTEM 


Coeaanenin 

r  b 

CMCTC.ia 

wpnCTtiiaoi 
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r.ouryc 

Ng 

Nm 
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K.O-MgO-SiO,  (?) 
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1.501 

— 
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— 

K.O  -5MgO  -12StO, 
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— 
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raaman 

mu,  lmpaMivyaj 

1 

Key: 


a.  Compound 

b.  Crystal  system 

c.  Appearance 

d.  Cubic 

e.  Hexagonal 


f 
**■  • 

g- 

h. 

i. 
j- 


Round  grains 
6 -sided  tablets 
Cubes  and  octahedra 
Fibers 

Tablets,  prisms,  pyramids. 
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CALCIUM  SILICATE  SYSTEMS 
LizO  --  CaO  —  Si02 

Certain  partial  regions  of  this  system  have  been  studied.  Schwarz  and 
Haacke  [2]  have  studied  the  Li^SiO^  —  CagSiO^  profile.  Bergman,  Nesterova 
and  Bychkova  [1J  present  some  information  of  the  fusibility  of  the  Li^SiOg  — 
CaSiOg  profile.  The  latter  system  was  studied  as  early  as  1909  by  Wallace 
[3J.  Schwarz  and  Haacke  present  a  phase  diagram  of  the  2Li20‘  SiC>2  — 

2CaO*  Si02  system,  within  up  to  30  mole  %  of  calcium  orthosilicate  (Fig.  17). 
2LigO-  SiOg  base  solid  solutions  form  in  the  system,  with  the  2 CaO-  SiOg 
content  reaching  up  to  20  mole  %.  With  a  higher  calcium  silicate  content 
solid  solutions  with  maximum  and  minimum  melting  temperatures  form. 
Schwarz  and  Haacke  think  that,  at  low  temperatures  as  a  result  of  poly¬ 
morphic  conversions  of  the  solid  solutions,  the  ternary  compound  LigO*  CaO- 
SiOg  forms.  The  density  curve  with  this  composition  discloses  a  sharp  max¬ 
imum. 

Using  the  visual-polythermal  method,  Bergman  and  colleagues  came  to 
the  conclusion  that  the  CaSiOg -LigSiOg  system  forms  a  simple  eutectic,  with 
a  melting  temperature  of  1024°  and  a  content  of  45. 5  mole  %  CaSiOg;  accord¬ 
ing  to  Wallace,  979°  and  43. 7  mole  %  CaSiOg,  respectively. 
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Fig.  17.  Phase  diagram  of 
partial  system  2Li20*  SiC>2  — * 

2CaO-  SiOg  (from  Schwarz  and 

Haacke). 

Key: 

a.  Mole  % 
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Na20  —  CaO  —  SiC2 

The  system  has  been  studied  by  Morey  and  Bowen  [6J  and  Segnit  [8J. 

The  major  crystalline  phases  of  the  system  are:  devitrite  (NagO*  3CaO 
63iOg),  wollastonite  and  cristobalite.  They  are  found  in  the  composition  of 
the  "rocks"  of  crystallised  ("devitrified'*)  technical  glass. 

A  phase  dir: gram  of  this  system,  from  the  data  of  Morey  and  Bowen,  is 
presetted  in  Fig.  1C.  A  part  of  the  diagram  of  importance  for  glass  technology 
is  presented  in  Fig.  19.  Partial  profiles  of  NagO*  SiOg  —  CaO*  SiOg  and 
NagO*  2Si02  —  NagO*  2CaO*  3SiOg  are  presented  in  Figs.  20  and  21.  Morey 
and  Bowen  found  four  ternary  compounds:  NagO*  3CaO*  6SiOg  (devitrite), 

NagO*  2CaO*  3SiOg,  2NagO*  CaO*  3SiOg  and  NagO.  CaO*  SiOg. 


X>i,OSiO, 


>la;0?Si0t  tHec  % 


Fig.  18.  Phase  diagram  of  NagO  --  C^O  —  SiOg  system;  region 
enriched  in  silica  (from  Morey^and  Bowen) . 


Key: 


a.  cristobalite 

b.  Two  liquids 

c.  Tridymite 


d.  Quartz 
!.  Wei 


eight  % 
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Fig.  19.  Phase  diagram  of 
part  of  Na20  —  CaO  —  Si02 

ternary  system,  of  importance 
for  glass  technology  (from  Morey): 
Amount  of  NagO  (weight  %)  is  ob¬ 
tained  by  subtraction  from  100%  of 
the  total  amount  of  CaO  and  Si02. 

Key: 

a.  Cristobalite 

b.  Tridymite 

c.  Quartz 

d.  Weight  % 


•c 


Fig.  20.  Phase  diagram  of  partial  system  NagO* 
SiOg  —  CaOSiOg  (from  Morey  and  Bowen). 

Key: 

a.  Weight  % 


t 


Fig.  21.  Phase  diagram  of  partial  system  Na20* 
2Si02  —  Na90*2Ca0*  3SiC>2  (from  Morey  and  Bowen). 

Key: 

a.  Weight  % 
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Toropov  and  Arakelyan  [2]  have  described  two  compounds,  2NagO* 
8CaO  5Si02  and  2NagO*  4CaO-  3SiOg,  which,  as  was  demonstrated  eventually, 
are  solid  solutions  of  alkali  silicates  in  calcium  orthosilicate. 


80Ca0 


Fig.  22.  Phase  diagram  of  NagO  --  CaO  -- 
SiOg  system:  Primary  phase  fields  and  liquidus 
isotherms  (from  Segnit):  N,  NagO;  C,  CaO;  S, 
SiOg. 

Key: 

a.  Two  liquids 

b.  Quartz 

c.  Weight  % 


Segnit,  [8]  has  studied  the  richer  CaO  and  NagO  (Fig.  22)  part  of  the 
system,  and  he  has  obtained  the  new  compounds  4NagO.  3CaO*  5SiOg  and 


,  ,V  *j^=WV  ~-  - 


o 


( 


Nag  O'  2CaO*  2  SiOg.  He  has  shown  that  NagO  forms  solid  solutions  with 


dicalcium  silicate.  The  invariant  points  of  the  system  are  presented  in 
Tables  1  and  2  and  the  optical  properties  of  the  compounds  obtained  by  Morey 
and  Bowen,  in  Table  3. 

Wyckoff  and  Morey  [9],  on  the  basis  of  X-ray  data,  assert  that  only 
NagO'  CaO*  SiOg  is  actually  cubic,  and  that  2NagO*  CaO*  SiOg  and  NagO* 

2CaO*  3SiOg  have  a  pseudocubic  structure.  The  compound  4NagO-  3CaO* 

5SiOg  melts  at  approximately  1450°.  Refraction  of  the  solid  solutions  of 
NagO  in  2CaO*SiOg  decreases  in  proportion  to  increase  in  NagO  content 
(Table  4). 

Toropov  and  Arakelyan  present  the  following  data  for  the  solid  solution 
of  the  composition  2NagO*  8CaO*  5SiOg,  which  crystallizes  in  the  form  of 
hexagons:  Ng  =  1.674,  Np  —  1.668;  direct  extinction,  polysynthetic  twins. 

The  compound  NagO-  4CaO*  3SiOg  forms  irregular  3  id  elongated  grains,  with 
Ng  •  1.634  and  Np  -  1.S27. 

Fedorov  and  Brodkina  [3]  have  studied  the  profile  of  2 CaO'  SiOg  — 

NagO-  CaO*  SiOg,  proceeding  from  the  previously  synthesized  y  -2CaO*  SiOg 
and  sodium -calcium  orthosilicate.  Annealing  a  mixture  of  these  compounds 
was  conducted  at  1300°.  The  phases  formed  were  identified  by  crystallooptic 
and  X-ray  methods.  The  formation  of  limited  0  -2CaO*  SiOg  base  solid  solu¬ 
tions  has  been  established.  With  a  NagO'  CaO'  SiOg  content  of  up  to  10  weight 
%,  the  solid  solutions  have  the  ?-2CaO*  SiOg  structure;  in  a  mixture  with 
15  weight  %  NagO*  CaO'  SiOg,  complex  solid  solutions  form,  in  which  the 
solvent  is  the  f  and  the  «r'  forms  of  2CaO'SiOg.  The  maximum  concentration 
of  NagO' CaO*  SiOg  in  the  solid  solution  at  1300°  can  be  estimated  at  approximately 
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Key: 


a.  Points  (Fig.  18) 

b.  phases 

c.  Process 

d  Composition,  weight  °}o 

e.  Temperature,  °C 

f.  Liquid 

g.  Quartz 


h.  Tridymite 

i.  Eutectic 

j.  Inversion 

k.  Melting 

l.  Incongruent  melting 

m.  Same 
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TABLE  H 

TRIPLE  INVARIANT  POINTS  OF  NaaO  —  CaO  --  Si02 

(from  Segnit) 


C  Cocraa,  »cc .•/, 

d 

Tmncjia 

Nn-0 

CaO 

sto. 

8.8 

44.5 

1 

i 

46.7 

1280 

8.2 

44.5 

47.3 

1270 

12.5 

39.5 

48.0 

1255 

24.0 

32.0 

44.0 

1260 

23.0 

37.6 

39.4 

1440 

39.8 

16.7 

43.5 

1130 

40.0 

16.0 

44.0 

1120 

45.0 

10.5 

44.5 

990 

48.0 

10.5 

41.5 

950 

a 

#UM 


b 

npouccc 


2CaO  -Si0j+3Ca0 .2SiO*+NatO  • 

•  2CaO  -2SiO,H  Hai,ai;ocTb  £ 

«-CaO  -SiO,+3CaO  .2Si0s+Na,0 
•2CaO  •2SiOj-j-jKtt;iK«>CTj.  © 

N»,0 -2CaO -SSiO, -}-2CaO -SiO,  + 
+XatO  *2CaO  -2.SiO|-f  jiaiflKoCTbq 
Na,0  <2CaO  .SSiO.+NojO -CaO  • 
•SiO,-}-Xa,0  -2CaO  -2SiOt4->Klia- 

KOCTb  ” 

2CaO  -SiO.+NajO  *CaO  -SiOt+  , 

+ Na,0  -2Ca()  -2SiO.-f  HUVtKOCnA 
NagO^CaO-aSiOj+NajO-CaO- 
•SiOt-f  4Na.O  •3Ca()  •5SiOt+Hqw- 
Kocrb 

Na,0  -2CaO -3.SiO,  +2Nn.O  -CaO  • 
•3SiO,+/*.VaaO  <  3CnO  .5SiO,+ 
-j-;itnni:ocrb  £ 

2Na,0-Ca0  •3SiO,+Nu,O  SiO,+ 
4^Na,0  •3CnO-5SiOJ+>Kii;(-g 

KOCTb 

N#„0  •  SiO,+Na,0-CaOSiO,+ 
+4Na,0-  3CaO  •5Si01-{->KHfl-£ 
KOCTb 


acT8opeuneJ 

k3BTCKTHK* 


> 

plcTOopemie 


Key: 

a.  Phases 

b.  Process 

c.  Composition,  weight  % 

d.  Temperature,  °C 

e.  Liquid 

f.  Solution 

g.  Eutectic 
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TABLE  IH 


CRYSTALLINE  PHASES  OF  NaOg  —  CaO  --  SiOg  SYSTEM 
(from  Morey  and  Bowen) 


a 

_b 

CttCTcMa 

e 

2V° 

d 

CueaHBCHac 

Hjincra.iJio* 

r»0nryc 

Ng 

flip 

noctfc, 

r/c*T 

Nu,0.3C«0-GSi0, 

■f  PomGhto- 

» 

1*  IIpH3UU 

1.579 

1.561 

+75 

(AeBOTOUT)  & 
N«,0-2Ca0-3Si0t 

cxan 

IlceDAOKy6»- 

rianucHUTO- 

1.599 

1.596 

— 

_ 

|  MCCKIfl 

\  Tll'ICCKIIO 
ABOUUUXH 

I 

2Na,0-C*0-3Si0t 

yKyGmeciufl 

(111)  Kflpy- 

1.571 

2.775 

Na,0-C*0«Si0, 

> 

yrno  $op*ai 

1.600 

1 

i 

2.79 

Key: 

a.  Compound 

g- 

pseudocubic 

b.  Crystal  system 

h. 

Cubic 

c.  Appearance  3 

i. 

Prisms 

d.  Density,  g/cm 

j. 

Polysynthetic  twins 

e.  Devitrite 

k. 

(111)  and  other  shapes 

f.  Rhombic 

15  weight  %,  since,  with  a  higher  content  of  it  in  the  mixture,  pure  sodium- 
calcium  silicate  is  found  after  annealing.  The  authors  consider  that  the  phase 
composition  of  2Na20*  8CaO*  5Si02  is  not  the  individual  compounds,  but  is  a 
mixture  of  a  solid  solution  in  0,  tf'-2CaO' SiOg  and  NagO*  CaO' SiOg.  In 
their  opinion,  the  compound  2Na20*4Ca0*  3Si02  does  not  exist. 

Yeremin  and  colleagues  [1]  annealed  a  mixture  with  added  NagCOg 
(from  0.  6  to  3. 0  weight  %)  at  1400°,  with  subsequent  quenching.  Very  low 
solubility  of  NagO  in  p-2CaO*  SiOg  (about  0. 6  weight  %)  is  noted.  The  index 
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TABLE  IV 

INDICES  OF  REFRACTION  OF  SOLID  SOLUTIONS  OF 
Na20  IN  DICALCIUM  SILICATE 


ft  Corral,  ■CO.*/, 

Np 

Ng 

b 

flDJIipc- 

jjmi.ncmte 

N»jO 

c*o 

8iO, 

65.1 

31.9 

1.716 

1.736 

0.020 

— 

62.0 

33.0 

1.703 

1.731 

0.028 

— 

64.0 

36.0 

1.698 

1.727 

0.02!) 

— 

66.0 

34.0 

1.712 

t  .734 

0.022 

o.r> 

62.4 

37.1 

1.712 

1.733 

0.021 

0.8 

63.2 

36.0 

1.709 

1.729 

0.020 

1.5 

66.4 

32.1 

1.708 

1.729 

0.021 

1.7 

63.3 

35.0 

1.705 

1.720 

0.015 

2.1 

63.6 

34.3 

1.712 

1.731 

0.019 

2.1 

62.0 

35.9 

1.709 

1.728 

0.019 

2.2 

65.5 

32.3 

1.710 

1.725 

0.015 

2.7 

62.3 

35.0 

1.698 

1.713 

0.015 

O  Key: 

a.  Composition,  weight  % 

b.  Birefringence 

of  refraction  of  these  solid  solutions  is  i.  728-1.  730.  Sodium  oxide  stabilizes 
0-2CaO*  Si02. 

Maki  and  Sugimura  [5]  have  shown  that  the  compound  Na.-0  2CaO*  3Si02 
discloses  a  reversible  phase  conversion  at  approximately  485°.  The  low 
temperature  modification  has  a  hexagonal  unit  cell  with  parameters:  a*8  10.471, 
{  )  c  ■*  13. 174  A,  Z  =  6  (at  room  temperature).  A*  485°,  the  unit  cell  apparent¬ 


ly  becomes  centered  rhombohedral,  with  parameters:  a  «  7.53  A,tf*89°7', 
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Z  *  2  (at  550°).  The  compound  2Na20‘  CaO*  3Si02,  having  a  similar  structure, 
is  characterized  by  a  cubic  cell,  with  a  =  15. 10  A,  Z  =  16.  The  authors 
found  solid  solutions  between  NagO*  2CaO*  3Si02  and  Na20*  CaO*  2Si02,  in 
which  the  latter  compound  is  isomorphic,  with  the  high  temperature  modifi¬ 
cation  NagO*  2 CaO*  3Si02.  For  a  solid  solution  rich  in  Na20,  a  polymorphic 
conversion  is  not  observed.  The  compounds  NagO*  CaO*  2Si02  and  2Na20* 
Ca0*3Si02  are  nonisomorphic. 

Maki  [4]  has  studied  the  structure  of  devitrite  Na20*  3CaO-  6Si02. 

Crystals  of  this  compound  are  in  the  triclinic  system,  unit  cell  parameters: 

a  *  10.  202  ±  0. 003,  b  «  10.  680  ±  0. 003,  c  *  7.  232  ±  0. 004  A,  <r  *  109°48'  ± 

3',  ?  “  99°46'  ±  5',  y  ~95°31'  ±  2',  V  •  720.  5  £  0.  6  A3,  Zm  2.  The  ex- 

3  3 

perimental  density  is  2.726  g/cm  ,  calculated  2.722  g/cm  .  The  devitrite 
structure  is  characterized  by  the  presence  of  wollastonite  chains  .  Wollastonite 
is  formed  by  thermal  decomposition  of  devitrite. 
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KgO  —  CaO  --  Si02 

A  part  of  the  system,  included  in  the  triangle  KgO*  SiOg  --  CaO*  SiOg  — 
SiOg,  has  been  studied  by  Morey  and  colleagues  [5J.  Taylor  [8]  has  studied 
the  partial  system  2CaO*  SiOg  —  KgO-  CaO*  SiOg.  See  also  [4, 6J. 


Fig.  23.  Phase  diagram  of  KgO  —  CaO  —  SiOg 

syste  ,  region  enriched  in  silica  (from  Morey, 
Kraceic  and  Bowen). 

Key: 

a.  Two  liquids 

b.  THdymite 

c.  Cristobalite 

d.  Quartz 

e.  Weight  % 
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Morey  and  <  olleagues  give  a  ternary  diagram  (Fig.  23),  as  well  as 
four  profiles:  1.  ficm  KgC^SiOg  to  the  side  of  the  SiOg  —  CaO  triangle, 
to  a  point,  corresponding  to  a  content  of  approximately  32  weight  %  CaO 
(Fig.  24);  2.  KgO- SiOg  —  CaO-  SiOg  (Fig.  25);  3.  KgO-CaO'SiOg  —  KgO* 
2Si02  (Fig.  26);  4.  KgO*  4Si02  --  CaO*  Si02  (Fig.  27).  The  partial  system 
2CaO-  Si02  —  KgO*  CaO*  SiOg  has  been  studied  by  Taylor,  who  found  the 
compound  KgO*  23CaO-  12Si02  here. 
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>•  v- —  — .  I - i 
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— 

0 
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IP  20 
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Fig.  24.  Ternary  system  profile,  going  from 
compound  KgO*  2SiOg  through  compound  KgO- 

2CaO*  6Si02  to  the  aide  of  triangle  CaO*  SiOg 

(from  Morey  and  colleagues,). 


a.  Cristobalite 

b.  Tridymite 

c.  Itei^ht  % 
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Fig.  25.  Phase  diagram  of 
partial  system  K^O*  SiO„  — 
CaO-Si02  *  '  £ 

(from  Morey  and  colleagues). 
Key:  a.  Weight  % 


HjOCdOStOt  CaOM%*K]D-2SiOl  K^<tSiOz  CaO&c.*  Q  CoOSty 


Fig.  26.  Phase  diagram  of 
partial  system  K^O'CaO* 
Si02  —  i^O-  2Si62  (from 

Morey  and  colleagues) . 

Key: 

a.  Weight  % 


Fig.  27.  Phase  diagram  of 
partial  system  KjO^SiOg  — 

CaO*  SiO0  (from  Morey  and 

colleagues) . 

Key: 

a.  Weight  % 
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TABLE  I 

INVARIANT  POINTS  OF  KgO  —  CaO  —  SiOg  SYSTEM 


u. 

b 

C  Coda*,  BCC.V, 

6 

Te»iue- 

<Vaau 

Dpou;cc 

K,0 

CaO 

SIO, 

jjary- 
pa.  h: 

a-KjO  ‘3CaO  *GSiOj*f^CftO  ‘SiOj-i* 

-f  SiOj-f  JKUAKoctl  & 

4  PoaxiuiH 

13.3 

10.8 

75.9 

ioso 

K»0  -2CaO  •93iO,-j-ff-KtO  -3CaO  .6SiO< + 

-f  SiO,  +HOIAKCCTI.  *. 

» 

13.8 

10.5 

75.7 

1050 

K,0-2Ca0  •QSiOj-fKjO -tSiO.+SiOj-f 

-fjWWCOCTfc  e. 

gOweitTMKa 

25.1 

1.9 

73.0 

720 

K,0  -2CaO .5Si0,+K,0 .2S10,  +K,0  • 
•4SiO,-f  JtavtfTOCTf.  €. 

» 

30.8 

0.9 

G8.3 

720 

K,O.2Ca0-9Si0,+4K,0*Ca0- 
•  10SiO,-f  K,0  •2SiO,+>KnnKocra£- 

•fPeaKUH* 

31.6 

2.3 

GC\1 

710 

K,0  -2CaO  -9Si0,+4K,0  -CaO  • 
•lUSi0,+2K,0  -CaO  .6SiO,+»niA- 

KOCTIi  6 

» 

28.8 

5.3 

65.9 

825 

K,0  *2CaO  -9SiO,  +2K.0  -CaO  • 
•fiSiO.-f-P-KjO  -3C;iO  .RSiO,+>KiiM- 
KocrtCL 

* 

26.8 

7.8 

65.4 

910 

JI-KjO  3CaO  GSiO,+a-KjC  -TCaO . 
•^’Oj+aoirtKOcri.  6. 

hnpcnpaiqc- 

IIIIO 

23.6 

11.0 

65.5 

lOiM 

2K,0  -CaO  •CSi«'  ,-j-;uii/;itocTX.  G- 

tllaanncime 

31.1 

9.3 

59.6 

959 

4K.0  -CaO  -lOSiOj  J-aoiftKocri.  €L 

> 

36.5 

5.4 

58.1 

«;« 

2X,0  -CaO  -CoiO,  -h  ,!.-K.O  -3Ch()  • 

•  CSiO, + P-CaO  -SiO,  -;-3Kit;u;ocTfcC_ 

■f  Peaimna 

32.3 

11.3 

56.5 

930 

2K,0  CaO  -3Si0,+'.K,0  -CaO . 

•  10SiO,-f2K,0  -CaO  -6SiO,  +aow- 

KOCtt.6L 

jOaTeKTOKa 

37.2 

10.2 

52.6 

690 

2K,0-Ca0.3Si01-t-2K10Ca0  • 
•OSiO,+p-CaO-SiOt4->i;n«i:ocn.€' 

• 

34.2 

13.0 

52.8 

8x0 

KtO  .CaO  -SiO,+p-CaO  -SiO,+2CaO  • 
•Siij5J-jKti,r'ocn,e_ 

Jf  PcaKt\im 

22.5 

31.0 

•56.3 

1 1S*» 

UK.O-CaO -SSiO.+P-CaO  •SiO,4- 
.  KjO  -CaO  .SiOj+imwHocTfce- 

• 

34.1 

13.7 

52.2 

&i<t 

2K;0 -CaO .3S»0t+K,0  .2SiO,+4K,0 • 

■  C-<0  •iOSiO,-f;ia:aKOC'n.£. 

JOmrt'KTHKa 

40.5 

7.7 

51.8 

895 

K  />  -.5.0, -f2K  ,0  -CaO  *3Si0,-f-K;0 . 

* 

55.7 

0.2 

55.1 

770 

-vn.l.iMr.iIIO 

'.5.8 

26.7 

2S.5 

16'il* 

*  Ci  >  8.0,  :  KtO-23CuOl2SiO,-  I 

41.2 

29.7 

29.1 

1598 

4 

€ 

■$ 


Key: 


a.  Phases 

b.  Process 

c.  Content,  weight  % 

d.  Temperature,  °C 

e.  Liquid 


f.  Reactions 

g.  Eutectic 

h.  Conversion 

i.  Melting 
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TABLE  H 


CRYSTALLINE  PHASES  OF  KgO  —  CaO  --  SiO,  SYSTEM 


^xpUmuSot  ri6$ryo  Ng  tit*  Np  Hg-Np  2VJ 


2K*0>Ca0*3Si0{  RyfiHMecitun  OtnrawpM  —  1.572  —  —  — 

KjO  CaO  SiOj  pl’eKcaro-  IJnpann,tw  1.605  —  1.600  0.005  ( 


iia.n.iian  J 

<K,O-C»O-10SiOj  *f-  To  we  Ln.-tacrmi-  1.548 

ft  KM 

«-Kg0*3C«0-6Sl02  ■PoM6nie-  U  Upuaxu  1.59 

*■  I'l.'BU  I 


-  1.537  0.011  - 

?  1.575  0.015  ( |.) 

I>o:ii.- 

•luoii 

—  1.56  0.010  (— )? 


3-Kj0*3C«0-6Si02  -f-  To  me  Mlr.iu  m  1.57  -  1.56  0.010  (-)? 

I  iijiuc  rumen 

Kt0«2Ca0>9S10g  aMonrnc-imi-  iipuauu  m  1.535  ?  1.515  0.020  (— ) 

Han  if jiu  uaacTHiiKi  Bo.il- 

TpHK.tMn-  **  *lnoii 

uan 

2K«0-Ca0*6S10s  fTo  we  -  1.543  1.541  1.535  0.008  (-) 

60+5 


a.  Compound 

b.  Crystal  system 

c.  Appearance 

d.  Cubic 

e.  Hexagonal 

f.  Same 

g.  Rhombic 


h.  Monoclinic  or  triclinic 

i.  Octahedra 

j.  Pyramids 

k.  Plates 

l.  Prisms 

m.  Needles  and  plates 

n.  Prisms  and  plates 

o.  Large 
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MgO  —  CaO  --  Si02 

As  early  as  the  first  works  of  Day  tnd  colleagues  [17],  Bowen  and 
Anderson  [9],  Bowen  [8]  and  Ferguson  and  Merwin  [19],  the  basic  character¬ 
istics  of  the  system  had  been  ascertained  and  the  existence  of  the  predomi¬ 
nant  phases  had  been  established.  The  following  three-component  compounds 
crystallize  in  the  system:  CaO-  MgO-  2Si02>  diopside;  CaO-  MgO-  SiOz, 
monticellite;  3CaO- MgO- 2Si02,  merwinite;  2CaO‘  MgO-  2Si02,  ockermanite 
and  the  compound  5CaO-  2 MgO*  6Si02. 

A  phase  diagram  of  the  MgO  --  CaO  --  SiO^  system,  according  to 
Osborn  and  Muan  [30],  who  studied  the  preceding  work  (up  to  1960),  mainly 
of  Ricker  and  Osborn  [33],  is  presented  in  Fig.  28.  Separate  partial  systems 
are  presented  in  Fig.  29-33. 

Solid  solutions  have  been  found  among  the  many  compounds  in  the  CaO  -- 
MgO  —  SiOg  system.  Solid  solutions  apparently  are  absent  among  monticellite, 
merwinite,  ockermanite  and  wollastonite.  The  partial  system  diopside  (CaO- 
MgO-  2Si02)  —  silica  has  been  studied  by  Bowen.  The  system  is  a  simple 
eutectic,  with  a  liquid  phase  immiscibility  region,  Ehrenberg  [18] 

showed  that  only  diopside  forms  from  the  "dry”  components,  as  a  result  of 
solid  phase  reaction,  and  not  tremolite  as  was  proposed  by  Bowen. 
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Fig.  28.  Phase  diagram  of  MgO 
system  (from  Osborn  and  Muan). 


CaO  --  Si00 


a.  Two  liquids 

b.  Cristobalite 

c.  Tridymite 

d.  Wollastonite 

e.  Pseudowollastonite 

f.  Diopside 

g.  Protoenstatite 

h.  Rankinite 


i.  Ockermanite 

j.  Forsterite 

k.  Merwinite 

l.  Monticellite 

m. Lime 

n.  Periclase 

o.  W  eight  % 


m  9 
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Fig.  29.  Phase  diagram  of  partial 
system  CaOSiO,  --  CaO  MgO*  2Si02 
(from  Schairer  dnd  Bowen) .  “ 

Key: 

a.  Diop  side 

b.  Weight  % 


The  partial  system  diopside  —  calcium  metasilicate  has  been  studied 
by  Schairer  and  Bowen  [35].  A  very  flat  primary  crystallization  curve  is 
observed  for  diopside  (Fig.  29).  Diopside  forms  a  solid  solution  with  CaSiOg, 
in  which  the  conversion  temperature  of  the  calcium  metasilicate  in  this  crystal¬ 
line  solution  increases  considerably,  from  1125  to  1368°.  At  a  temperature 
of  1368°,  the  P  phase  (wollastonite)  dissolves  much  more  diopside  (up  to  22%) 
than  the  rt  phase  (pseudowollastonite) . 

In  the  partial  system  calcium  metasilicate  --  ockermanite,  the  latter 
does  not  form  a  solid  solution  with  either  the  «  or  p  calcium  metasilicate. 

The  partial  systems  dicalcium  silicate  --  ockermanite  and  merwinite  -- 
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Fig.  30.  Phase  diagram  of  partial 
system  3CaO*  MgO*  ISiOg  (merwinite) 

2CaO*  MgO*  2Si02  (ockermanite) 

(from  Osborn). 


a.  Merwinite 

b.  Ockermanite 

c.  Weight  % 


ockermanite  (Fig.  30)  have  been  studied  by  Osborn  [29],  and  ciopside  — 
ockermanite  by  Ferguson  and  Merwin  [19]. 

Ockermanite  apparently  can  produce  solid  solutions  with  some  compounds. 
Schairer  and  colleagues  [36]  investigated  solid  solutions  formed  from  ockermanite 
with  merwinite  (considerably  less  than  5  weight  %  dissolves),  rankinite  (less 
than  7.  5%  and  more  than  5  weight  %  dissolves  at  13809),  montioellite  (less 
than  2%  at  1340°),  forsterite  (possibly  about  1%  at  1340°)  and  d.  calcium  silicate 
(considerably  less  than  5%,  and  it  is  even  possible  that  there  is  quite  negligi¬ 
ble  solubility  hare).  In  connection  with  this,  it  is  noted  that,  over  a  certain 
temperature  range,  vht  composition  of  ockermanite  can  deviate  from 
stoichiometric  (2:1:2). 
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Fig.  31.  Phase  diagram  of 
partial  system  2CaO*  Si02  -- 

2Mg0*Si02  (from  Bredig). 


a.  Hexagonal 

b.  Merwinite 

c.  Rhombic 

d.  0-K2SO4  type 

e.  Monticellite 

f.  Olivine  type 

g.  Mole  % 


Fig.  32.  Phase  diagram  of 
partial  system  2MgO‘  Si02  -- 

CaO*  MgO*  Si02  (monticellite) 
(from  Ricker  and  Osborne). 
Key: 

a.  Forsterite 

b.  Merwinite 

c.  Monticellite 

d.  Weight  % 


The  partial  system  Ca2Si04  --  Mg2Si04  (Fig.  31)  has  been  studied  by 
Bredig  [13].  Bredig  considers  merwinite  3CaO*  MgO*  2Si02  to  be  an 
individual  compound,  similar  to  Ca2Si04  in  its  crystalline  aspect,  with  a 
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KgSC^  type  rhombic  structure.  Merwinite  decomposes  at  1975£  5°,  with 
formation  of  a  melt,  periclase  and  dicalcium  silicate. 

Solid  solutions  in  the  monticellite  (CaO*  MgO*  SiOg)  --  forsterite  (2MgO* 
SiOg)  series  have  been  studied  by  Ricker  and  Osborn  [33].  Close  to  the 
liquidus  temperature,  a  broad  region  of  solid  solutions  is  observed,  but, 
nevertheless,  solid  solutions  are  not  continuous  in  the  monticellite  -- 
forsterite  series  (Fig.  32).  Despite  belonging  to  one  and  the  same  space 
group  and  the  close  dimensions  of  the  unit  cells,  even  at  elevated  temperatures, 
limited  solubility  is  observed.  Thus,  at  1500°,  when  liquid  and  periclase 
appear,  as  a  result  of  congruent  melting,  the  coexisting  solid  phases  on  both 
sides  contain  approximately  30  weight  %  dissolved  forsterite  and  monticellite. 
The  merwinite  3CaO-  MgO*  2SiC>2  formed  does  not  form  a  solid  solution  with 
monticellite. 

The  partial  system  MgSiOg  --  MgO»  CaO  2Si02  (Fig.  33)  has  been  studied 
by  Atlas  [6]. 

The  partial  binary  system  MgO  --  2CaO*SiO  ,  according  to  Ricker  and 

2 

Osborn,  is  a  simple  eutectic,  with  a  eutectic  melting  temperature  of  1800°. 

Butt  and  colleagues  [2]  have  shown  that  magnesium  oxide,  dissolving 
in  tricalcium  silicate  up  to  a  content  of  4  weight  %,  forms  a  solid  intrusion 
solution. 

Biggar  and  O'Hara  [7]  have  studied  the  partial  profile  of  forsterite  -- 
monticellite  by  the  quenching  method.  It  has  been  shown  that  monticellite  is 
unstable  at  atmospheric  pressure.  The  staoility  region  of  monticellite  solid 
solutions  (for  the  monticellite -forsterite  profile)  is  extended  at  elevated 
temperatures:  at  1200°,  the  stability  is  limited  between  89  and  93  mole  % 


Fig.  33.  Phase  diagram  of  partial  system 
CaO- MgO- 2SiC>2  --  MggSigOg  (from  Atlas). 

Key: 

a.  Clinonestatite 

b.  protoenstatite 

c.  Liquid  +  solid  or  only  liquid 

d.  Diopside 

e.  Rhombic  enstatite 

f.  Mole  % 


monticellite,  at  1490°,  from  75  to  92  mole  %  and,  for  800°,  f  om  95  to  96 
mole  %  in  all. 

The  authors  have  precisely  defined  the  region  of  existence  of  forsterite 
base  solid  solutions.  The  highest  monticellite  content  in  this  solid  solution, 
reaching  19  mole  %,  is  observed  at  1490°.  With  increase  or  decrease  in 
temperature,  the  maximum  content  of  monticellite  decreases,  amounting  to 
7  mole  %,  for  example,  at  1200°. 
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Spencer  and  Coleman  [37]  determined  the  density  of  the  chemical  com¬ 
pounds  in  the  system,  using  a  pycnometer  filled  with  xylol. 
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Fig.  34.  Phase  diagram  of  diopside  (CaO-  MgO* 
SiOg)  --  forsterite  ^MgOSiC^)  system  (from 
Kushiro  and  Schairer). 


a.  Diopside 

b.  Forsterite 

c.  Weight  % 


In  the  first  works  on  the  diopside  --  forsterite  system,  it  was  assumed 
that  it  is  a  simple  eutectic,  with  a  very  flat  diopside  crystallization  curve. 
Kushiro  and  Schairer  [24]  determined  that  CaMgSigOg  and  Mg2Si04  base 
solid  solutions  exist  here.  The  low  temperature  region  of  this  system  is 
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shown  in  Fig.  34.  The  liquids  diopside  solid  solutions  has  a  maximum 
approximately  2°  higher  than  the  melting  temperature  of  diopside,  1391. 5°. 
Diopside  can  contain  about  5  weight  %  of  forsterite  in  solid  solution. 
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Fig.  35.  Phase  diagram  of  2CaO 
Si02  --  CaO*  MgO-  Si02  system  in 
the  subsolidus  region  at  140  kgf/cm^ 
water  vapor  pressure  (from  D.  Roy) . 

Key: 

a.  Merwiuite 

b.  Mon+icellite 

c.  Mo>  % 

D.  Roy  [34]  studied  the  low  temperature  region  (600-900°)  of  the 
2CaO- SiO  --  CaO*MgOSiO  (monticellite)  system,  using  the  hydrothermal 
method  at  water  vapor  pressures  of  70-1000  kgf/cm  .  She  observed  monticellite, 
Ca2SiO^,  and  merwinite  everywhere,  in  the  form  of  pure  phases,  and  she  did 
not  observe  solid  solutions.  A  subsolidus  equilibrium  phase  diagram  for 
water  vapor  pressure  of  140  kgf/cm  is  presented  in  Fig.  35. 
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Fig.  36.  Phase  diagram  of  partial 
system  2Ca0*Si02  —  3CaO-MgO* 

Si02  (merwinite)  system  (from  Gutt): 

T.new  magnesium -calcium  silicate. 


-ey: 


a.  Merwinite 

b.  Weight  % 


Carefully  (prolonged  annealing)  studying  the  2CaO*  Si02  —  3CaO*MgO* 


2Si09  (merwinite)  system,  Gutt  [20]  discovered  a  new,  complex  compound 


(2CaO’SiC>2)5  g  (3CaOMgO-  2Si02)4  4  (T  in  Fig.  36),  and  he  proposed  a  new 
variant  of  the  2CaO*  Si02  —  merwinite  system  (Fig.  36).  The  liquidus  curve, 
obtained  by  means  of  a  heating  microscope,  reaches  from  1800  to  2130°.  Only 
CL  -2CaO*  Si02  is  separated  from  the  liquid  as  the  primary  phase  here;  at  1575°, 
decomposition  of  merwinite  takes  place,  with  formation  of  <T-2CaO-  SiOg, 
periclase  (MgO)  and  liquid.  At  1590°,  magnesium  oxide  dissolves  and  only 
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the  dicalcium  silicate  remains  in  the  liquid.  In  this  region,  where  periclase 
is  present,  the  system  cannot  be  considered  to  be  a  binary  one. 
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Fig.  37.  Refii.ed  phase  diagram  of  diopside-enriched 
portion  of  MgO-SiOg  —  CaO-  MgO-  2Si02  system  (from 

Kushiro  and  Schairer) . 

Key: 

a.  x  orsterite 

b.  Protcenstatite 

c.  Diop  side 

d.  Weight  % 

Kushiro  and  Schairer  [24]  recently  refined  the  diopside-enriched 
region  of  the  diopside-enstatite  system  (Fig.  37). 

A  three-phase  triangular  system,  according  to  Berezhnoy  [1],  is 
presented  in  Fig.  38.  The  phase  relationships  for  temperatures  of  1600  and 
1700°,  from  Muan  and  Osborn,  are  shown  in  Fig.  39a  and  b. 
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Fig.  38.  Phase  Cv  xistence  triangle 
of  MgO  —  CaO  —  SiOg  system  (from 
Berezhnoy).  * 

Key: 

a.  Diopside 

b.  Ockermanite 

c.  Merwinite 

d.  Monticellite 
•j  Weight  % 


The  question  of  stability  of  ockermanite  at  normal  pressure  has  been 
touched  on  in  a  number  of  works,  for  example,  Carstens  and  Kristoffersen 
[14],  Bowen,  Schairer  and  Posnjak  [10],  Osborn  and  Schairer  [31],  Nuuvonen 
[27],  Christie  [15],  and  at  elevated  pressures,  in  the  works  of  Harker  and 
Tuttle  [21],  Kushiro  [22]  and  Kushiro  and  Yoder  [25]  and  others.  The  thermal 
behavior  of  ockermanite  has  been  studied  in  greatest  detail  at  high  temperatures 
and  normal  pressures  by  Lapin  and  Solovova  [4],  in  which  the  study  was  carried 
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Fig.  39.  Phase  relationships  (isothermal  sections)  of 
MgO  --  CaO--  SiOg  system  at  1600  (a)  and  1700°  (b) 

(from  Muan  and  Osborn):  ^  forsterite. 

Key: 

c.  Cristobalite 

d.  Weight  % 


out  both  by  an  approach  "from  below, "  at  temperatures  from  900  to  1280° 
and  holding  from  4  hours  30  minutes  to  20  hours,  and  "from  above, "  with 
preliminary  melting  of  the  synthesized  ockermanite  and  holding  it  then  at 
various  temperatures  in  the  1200-1350°  range  for  periods  of  2-233  hours. 
Partial  decomposition  of  ockermanite  was  established,  with  appearance  of 
crystals  of  grains  of  other  phases  within  it.  Thus,  at  1325°,  2CaOSiC>2  and 
nerwinite  appear,  at  1275°  and  holding  for  two  and  four  hours, a  small  amount 
of  monticellite  is  combined  with  the  latter,  and  upon  holding  20  hours  at  1275’, 
diopside  and  v/ollastonite  solid  solutions  were  found  within  the  ockermanite 


crystals;  the  diopside  and  wollastonite  phases,  with  predominance  of  diopside, 
were  observed  at  all  holding  times  (from  2  to  233  hours)  at  1200°  and  lower 
(down  to  1050°) . 

The  phase  ratios  and  melting  temperatures  in  the  MgO  --  CaO  --  SiOg 
system  has  been  studied  at  elevated  pressures.  Yoder  [38]  determined  the 
increase  in  melting  temperature  of  diopside  (CaO*  MgO*  2Si02)  with  pressure. 
He  introduces  the  equation  tme2t**  1391.  5  +  0. 01297  P,  where  tm  is  the 
melting  temperature  (in  °  C)  and  P  is  the  pressure  (in  bars).  Boyd  and 
England  [11, 12]  have  studied  the  relation  of  melting  temperature  of  diopside 
up  to  a  pressure  of  60  kbar. 


Fig.  40.  Phase  ratios  for  the  compound 
CagMgSigO^  vs.  temperature  and  pressure 

(from  Yoder). 

Key: 

a.  Pressure  P,  kbar 

b.  Diopside 

c.  Merwinite 

d.  Ockermanite 

e.  wollastonite 

f.  Monticellite 


f 
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Yoder  [39]  has  determined  the  stability  region  of  ockermanite  in  the 
ternary  system  under  high  pressure  conditions.  A  diagram  showing  the  stability 
field  of  ockermanite  CagMgSigO^  (the  possibility  is  admitted  of  formation  of 
solid  solutions  based  on  ockermanite)  is  presented  in  Fig.  40.  Yoder  studied 
the  reaction  ockermanite  +  forsterite  *  diopside  +  monticellite  under  high 
pressure  conditions. 
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Fig.  41.  Phase  diagram  of  partial 
system  diopside  --  enstatite  at  pressure 
of  20  kbar  (from  Kusbiro):  KPclino- 
pyroxene. 
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Key: 

a.  Enstatite 

b.  Diopside 

c.  Weight  % 

Kushiro  [23]  has  studied  the  system  forsterite  --  diopside  --  silica 
at  a  pressure  of  20  kbar.  Partial  diagrams  of  MggSiO^  -  CaMgSigOg  and 
MgSiOg  --  CaMgSigOg  for  the  pressure  indicated  are  presented  in  Figs.  41 
and  42.  See  also  [16]. 
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Fig.  42.  Phase  diagram  of  partial 
system  forsterite  --  diopside  at 
pressure  of  20  kbar  (from  Kushiro). 

Key: 

a.  Diopside 

b.  Forsterite 

c.  Weight  % 


Kalinina  and  Filipovich  [3]  and  Toropov  and  Khotimchenko  [5]  have 
shown  that  crystallization  of  glass  forms  metastable  phases,  sometimes  in¬ 
cluding  solid  solutions. 

According  to  the  new  definitions  of  Onken  [28],  relating  to  the  olivine 
group,  monticellite  has  the  following  unit  cell  parameters:  a  =  4.  822  — 
0.001,  b  =  11. 108  ±  0.003,  c  *  6.382  £  0.002  A. 


INVARIANT  POINTS  OF  CaO  —  MgO  —  Si02 
(from  Parker  and  Nurse)  ' 
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Key: 

a.  phases 

b.  Composition,  weight  % 

c.  Temperature,  °C 

d.  Liquid 


Ferguson  and  Merv/in  [19]  have  determined  the  optical  properties  of 
solid  solutions  of  the  clinoenstatite  (MgSiOg)  --  diopside  system. 
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SrO  --  CaO  --  Si02 

The  system  has  not  been  studied  fully.  Eskola  [5]  has  studied  the  partial 
CaSiOg  —  SrSiOg  profile,  and  Toropov  and  Konovalov  [2],  the  partial  Ca2SiC>4  -- 
Sr2Si04  profile.  In  both  cases,  continuous  solid  solutions  are  observed.  The 
phase  diagram  of  the  partial  system  CaO*  Si02  --  SrOSi02,  from  the  data  of 

t 

f  Eskola,  is  presented  in  Fig.  43.  Toropov  and  Konovalov  have  determined  the 
indices  of  refraction  of  solid  soludons  of  the  orthosilicate  profile,  and  Buckner 
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and  Roy  [4],  the  regions  of  existence  of  the  <(-  and  ?  -wollastonite 
solid  solutions.  The  temperature-concentration  ratios  between  the  a- 
and  0-  solid  solutions  of  wcllastonite  are  shown  in  Fig.  44.  Henning  and 
Paselt  [6]  have  studied  the  solid  solutions  in  the  series  Ca2Si04  --  Sr2Si04 
by  infrared  spectroscopy. 


o 

MO 

0  20  hO  SO  80  W 

CaOSiOo  (\-Bec.%  SrOStOg 

o 

Fig.  43.  Phase  diagram  of  partial 
system  CaO- SiO„  —  SrO*  Si09 
(from  Eskola). 

Key:  a.  Weight  % 

Toropov  and  colleagues  [1],  in  study  of  the  partial  system  of  3CaO 
SiC>2  --  3SrO  Si02>  found  that  the  solubility  limit  of  the  tristrontium  silicate 
in  the  tricalcium  is  approximately  7.5  weight  %.  The  same  polymorphic  con- 

__  versions  are  found  for  the  solid  solution  as  for  pure  3CaO-  SiO«;  however, 

i  ) 

v  J  the  temperatures  of  these  conversions  decreases.  Thus,  for  a  solid  solution 
|  containing  7.  5  weight  %  3SrO*Si02,  the  polymorphic  conversions  took  place: 

‘ 
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CaSiOj  .  bBec.  %  SrSiO ? 

Fig.  44.  Diagram  illustrating  the  regions 
of  existence  of  the  4-  and  ^-wollastonite 
solid  solutions  in  the  CaO*  Si02  --  SrO.  Si02 
system  (from  Euckner  and  Ro$. 

O  Key; 

a.  Pseudowollastonite 

b.  Weight  % 

the  first  at  850°  (for  pure  CaOSiOg  at  900°),  the  second  at  920°  (for  pure 
(  )  3Ca0-Si02  at  950°). 

Brisi  and  Appendino  [3]  have  studied  the  system  in  the  subsolidus  region, 
at  1200  and  1350°.  The  phases  were  identified  by  X-ray  methods  in  samples 
quenched  after  prolonged  annealing  at  the  temperatures  indicated.  The  phase 
diagrams  for  1200  and  1350°,  respectively,  are  represented  in  Fig.  45  a  and  b. 
Three  series  of  solid  solutions  are  continuous.  These  are  solid  solutions  be¬ 
tween  calcium  oxide  and  strontium  oxide,  between  rf'-CagSiO^  and  «'-Sr2SiC>4 
and  between  pseudowollastonite  and  strontium  metasilicate, 
j  |  Sr2Si04  stabilizes  various  modifications  of  CagSiO^.  The  first  portions 

of  SrgSiO^  entering  the  solid  solution  stabilizes  <f-Ca2Si04.  The  solid  solution 
of  the  composition  Ca^  gSr^  ^SiO^  corresponds  to  the  y-Ca2Si04  structure. 
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Fig.  45.  Diagram  of  phase  ratios  in  CaO  --  SrO  --  SiO^ 
system,  in  subsolidus  region  (from  Brisi  and  Appendinof: 
a.  1200°;  b.  1350°. 

Key: 

c.  Mole  % 


{. 

For  the  composition  Ca1  gSr0  2SK>4,  a  structure  corresponding  to  the 
cf'-Ca2Si04  form  is  characteristic.  Attention  is  drawn  to  the  three-phase 
field,  in  which  the  compound  3CaO*  2Si02  is  in  equilibrium  with  the  solid 
solution  (CaSr)  SiOg,  containing  about  3  mole  %  of  strontium  metasilicate, 
and  with  the  solid  solution  (CaSr)2Si04>  containing  about  15  mole  %  Sr2Si04. 
Two  two-phase  fields,  in  which  the  3CaO*  2Si02  content  is  in  equilibrium 
with  the  calcium  meta^and  orthosilicate  solid  solutions,  are  in  direct  proximity 
to  the  three-phase  field.  Brisi  and  Appendino  studied  the  phase  ratios  at 
1350°  only  in  the  region  rich  in  CaO  and  SrO.  The  compounds  3CaO*  SiOg  and 
3SrO*  Si09  existing  here  form  limited  solid  solutions  of  low  concentration. 
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The  solubility  of  3CaO*  SiOg  in  tristrontium  silicate  is  approximately  5  mole  % 
at  1350°.  Solubility  of  3SrO-  Si02  in  tricalcium  silicate  is  not  over  1  mole  %. 
The  partial  system  3CaO.  SiOg  —  3Sr0*Si02  is  not  binary.  Free  calcium 
oxide  and  the  (Ca,  Sr)0  solid  solution,  as  well  as  the  dicalcium  silicate 
(Ca,  Sr)2Si04  solid  solution,  apparently  exist  here. 
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STRONTIUM  SILICATE  SYSTEMS 
Na20  —  SrO  --  SxC>2 

The  system  has  been  studied  by  Botvinkin  and  colleagues  [1]  by  the 
quenching  method.  The  authors  restricted  the  investigation  to  the  NagSiOg  -«• 
SrSiOg  —  Si02  region,  which  includes  the  NagSiOg  —  SrSiO.,  binary  profile. 
One  ternary  compound  NagO- 2SrO  3SiOg  (1:2:3)  melting  with  decomposition 
at  about  1200°,  was  found  in  the  system.  According  to  Chetverikov  and 
Manuylova  [2],  this  compound  forms  rectangular  plates  and  prisms  in  the 
tetragonal  system;  the  crystals  are  optically  positive,  and  the  indices  of  re¬ 
fraction:  Ng  -  1.556,  Np  =  1.552,  Ng-Np  —  0.004. 

A  phase  diagram  of  the  partial  section  of  NagSiOg  —  SrSiC>3  is  pre¬ 
sented  in  Fig.  46.  The  portion  of  the  ternary  system  studied  is  presented 
in  Fig.  47. 
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Fig.  46.  Phase  diagram  of  partial 
system  Na2SiOg  --  SrSiOg  (from 

Botvinkin  and  colleagues). 

Key:  a.  Weight  % 


Fig.  47.  Silica-rich  portion  of  phase 
diagram  of  Na20  --  SrO  --  Si02  sys¬ 
tem  (from  Botvinkm  <*nd  colleagues). 


Key: 


a.  Weight  % 


INVARIANT  POINTS  OF  Na20*  SiOg  --  SrO*Si02  --  SiOg  SYSTEM 


o 


b 

t 

|  d  Coctob,  BCC.  •/, 
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Key: 

a.  Points  (Fig.  47) 

e.  Temperature,  °C 

b.  Phases 

f.  Liquid 

c.  Process 

g.  Eutectic 

d.  Composition,  weight  % 

h.  Reactions 
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BeO  --  3rO  --  Si02 

Shteynberg  [1],  carrying  out  crystallization  of  glass,  studied  the  incom¬ 
plete  partial  SrSiO^  --  BeSiOg  profile,  si-ce  BeSiO^  was  not  obtained  in  pure 
form.  The  ternary  compound  2SrO-  BeO*  3Si02=  Sr^' aSi^Og,  melting  incon- 
gruently  at  1435°,  with  decomposition  into  SrSiO^  and  liquid,  and  having  indices 
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of  refraction  Ng  =  1.  675,  Np  -  1. 685.,  was  obtained  for  the  first  time;  the 
extinction  aigle  is  20°  and  the  optical  sign  is  positive. 
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MgO  --  SrO  --SiOg 

Some  efforts  to  ascertain  the  existence  of  ternary  compounds  have  been 
undertaken  by  Eskola  [2],  who  studied  crystallization  of  glass,  of  the  composi¬ 
tion  MgO*  SrO-  SiC'2  and  2SrO*  MgO*  3Si02 ,  However,  only  binary  compounds 
were  found. 

Shteynberg  [1]  has  studied  the  partial  profile  MgSiOg  --  SrSiOg,  using 
the  quenching  method.  One  ternary  compound  was  found,  MgO*  3SrO-  4Si02, 
melting  incongruently  at  1430°,  with  decomposition  into  SrSiOg  and  melt. 

Thin  plate  and  needle-shaped  crystals  of  the  new  compound  are  uniaxial, 
positive,  with  direct  extinction,  perfect  cleavage,  and  indices  of  refraction 
Kg  «  1.645,  Np  =  1.632. 

Shteynberg  expressed  doubt  as  to  the  correctness  of  the  assertion  of 
Massazza  [3],  of  th  existence  of  the  compound  MgO- 2SrO*  2Si02  (ockermanite 
analog),  and  he  considers  that  the  crystalline  phase  in  his  tests  was  the  com¬ 
pound  1:3:4  described  above. 
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BARIUM  SILICATE  SYSTEMS 
LigO  --  BaO  --  Si02 

The  system  has  been  studied  by  the  quenching  method  by  Dietzel  and 
colleagues  [2],  in  the  concentration  region  bounded  by  the  compounds 
LigO*  SiOg  --  BaO*  SiOg  —  SiOg.  Ternary  compounds  were  not  obtained. 
Solid  solutions  between  BaO*  2Si02  and  2BaO*  3Si02  are  widespread  in  the 
three-component  region.  A  phase  diagram  of  the  LigO*  Si02  —  BaO*  Si02  -- 
Si02  system  is  presented  in  Fig.  48. 

According  to  the  data  of  Bergman  ana  colleagues  [1],  using  the  visual 
method,  the  partial  system  LigSiOg  —  BaSiOg  is  a  simple  eutectic.  The 
eutectic  contains  55  mole  %  BaSiOg,  and  it  melts  at  960°.  A  polymorphic 
conversion  was  noted  at  986°  for  lithium  metasilicate. 
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Fig.  48.  Phase  diagram  of  Li20  SiOg 
BaO-  SiOg  system  (from  Dietzel  and 
colleagues). 

Key: 

a.  Mole  % 

b.  Tridymits 

c.  Cristobalite. 
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INVARIANT  POINTS  OF  Li  O  —  BaO  —  Si00 
SYSTEM  2  Z 
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Key: 

a.  Phases 

e.  Liquid 

b.  Process 

f.  Tridymite 

c.  Composition,  mole  % 

g.  Pseudobinary  system 

d.  Temperature,  °C 

h.  Eutectic 
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NagO  —  BaO  --  SiOg 

The  system  has  been  studied  by  Kumanin  and  colleagues  [1],  encom¬ 
passing  the  region  rich  in  silica  (up  to  35  mole  %  SiOg).  Greene  and  Morgan 
[2]  present  some  data.  Kumanin  and  colleagues  discovered  the  formation  of 
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two  ternary  compounds:  4Na.,0*  2BaO*  5Si02  and  NagO*  2BaO*  2Si02<  The 
phase  diagram  of  the  portion  of  the  system  studied  is  presented  in  Fig.  49. 


1  w, 


Fig.  49.  Phase  diagram  of  Na20  -- 
BaO  —  SiOg  system  (from  Kumanin 
and  colleagues) . 

Key:  a.  Mole  % 

The  authors  studied  15  partial  binary  profile -sections  of  the  diagram  in 
detail.  These  sections  were  taken  at  a  constant  content  of  one  of  the  components: 
NagO,  SiOg  or  BaO.  Two  profiles  represent  the  partial  binary  systems  NagO* 
Si02  —  Ba0-2Si02  (Fig.  50)  and  Na20*  SiOg  --  2BaO*  3Si02  (Fig.  51). 

Greene  and  Morgan  have  studied  the  partial  system  Na20*2Si0g  --  BaO* 
2Si02>  which  is  a  simple  eutectic.  The  eutectic  melts  at  797°,  and  it  contains 
68  weight  %  NagO*  SiOg  (Fig.  52). 


Fig.  50.  Phase  diagram  of 
partial  system  Na20*  SiC>2  -  • 

BaO-  2Si02  (from  Kumanin 

and  colleagues) . 


Key: 


a.  Mole  % 


Fig.  51.  Phase  diagram  of  partial 
system  Na2OSiC>2  --  2BaO-3SiC>2 

(from  Kumanin  and  colleagues). 


Key: 


a.  Mole  % 


Fig.  52.  Phase  diagram  of  partial  system  Na2C* 
2SiC>2  --  BaO*  2Si02  (from  Greene  and  Morgan;. 

Key:  a.  Weight  fo 
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BeO  --  BaO  --  SiOg 

The  s/stem  has  been  studied  by  Isupova  and  Keler  [3],  with  products 

obtained  by  reactions  in  the  solid  state  (annealing  at  1350°).  Two  ternary 

compounds  were  obtained:  BeO*  BaO*  SiC>2  and  2BeO-  BaO'  2Si02.  The  first 

was  synthesized  still  earlier  by  Odelevskiy  and  Strel'tsina  [4].  The  compound 

2BeO*  BaO*  2Si02  corresponds  to  the  rare  mineral  barylite,  described  by 

25 

Aminoff  [5].  The  compound  BaBeSiO^  melts  at  1675°,  has  a  density  d^  — 

3  20 

4. 11  g/cm  (according  to  the  data  of  Odelevskiy  and  Strel'tsina,  d4  =  4.23 

g/cm^);  indices  of  refraction  Ng  e  1.665  t  0.002,  Np  =  1.662  —  0.002; 

the  crystals  are  biaxial,  negative,  and  polysynthetic  twins  are  characteristic. 

Natural  barylite  2BeO  Ba0  2Si02  is  in  the  rhombic  system,  and  it  forms 

prisms  along  c  and  forms  plates  along( 001)  The  following  data  are  presented  in 

the  handbooks  [2]  for  the  indices  of  refraction  of  barylite:  Ng  —  I.  703  (1.  708), 

Nm  «  1.  696  (1.  702),  Np  *  1.  691  (1.  695);  (  +  )2V  *  81°  and  (-)2V  -  70°. 

Artificial  barylite  melts  at  1600°,  it  has  Ng  m  1.690  db  0.002,  Np  *  1.  675  dt 

0.002,  and  it  is  biaxial,  positive  crystals.  The  density  of  natural  barylite, 

3 

according  to  Ygberg  [6]  is  4.03  g/cm  ,  of  artificial  (according  to  Isupova), 

3 

4.02  g/cm  .  Abrasheva  and  Belov  [1]  have  studied  the  structure  of  barylite. 
The  coexisting  phase  triangle  (I-VIII)  is  presented  in  Fig.  53. 


Fig.  53.  Coexisting  phase  triangle  of  BeO  —  BaO  -- 
Si02  system  (from  Isupova  and  Keler). 
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MgO  --  BaO  --  Si02 

The  system  has  been  studied  by  Yasuno  [8],  in  the  region  bounded  by 
sanbornite,  forsterite  and  silica.  The  partial  system  BaSigO^  --  Mg2Si04 
(Fig.  54)  is  a  simple  eutectic  ,  with  eutectic  melting  temperature  1170  £  5® 


1. 

2. 

o 

3. 

4. 

5. 

6. 
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with  a  composition  oi  85.  5  weight  %  BaSigOg  and  14.  5  weight  %  MggSiO^ 

The  eutectic  partial  system  BaSigOg  --  MgSiOg  has  a  eutectic  composition  of 
78.  5  weight  %  BaSigOg  and  21.5  weight  %  MgSiOg,  with  a  melting  temperature 
of  1135  —  5V .  The  BaSigOg  --  MggSiO^  —  SiOg  triple  diagram  (Fig.  55)  is 
characterized  by  the  presence  of  two  triple  eutectics:  Eg  (between  the 
sanbornite,  protoenstatite  and  tridymite  fields),  with  a  melting  temperature 
of  1110  £  5°  and  a  composit.on  of  8.  7  weight  %  MgO,  41.  0  weight  %  BaO  and 
50.  3  weight  %  SiOg,  and  Eg  (between  the  sanbornite,  forsterite  and  proto¬ 
enstatite  fields),  with  a  melting  temperature  of  1125  £  5°  and  composition 
8.  7  weight  %  MgO,  44.  8  weight  %  BaO  and  46.  5  weight  %  SiOg. 


It  to  •- S' _ 

1130  -  BaSi&'UfrSiO,, 

_ i _ i - 1 - 1 - 

Q  30  W  60  80  100 

SaSiJ.  <L  Bee  %  Mc.SiO,, 


Fig.  54.  Phase  diagram  of  partial 
system  sanbornite  (BaSigOg)  -- 

forsterite  (MggSiO^)  (from  Yasuno). 
Key:  a.  Weight  % 


Argyle  and  Hummel  [4]  have  studied  the  system  in  the  subsolidus  region. 
To  better  obtain  equilibrium,  small  quantities  of  MgF.;  or  LiF  were  added 

Ct 

to  the  mixtures  during  annealing.  The  formation  of  five  ternary  compounds 
was  established:  3BaO*  MgO*  2SiOg,  2BaO*  MgO*  2SiOg,  BaO*  2MgO*  2SiOg, 
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Fig.  55.  Phase  diagram  of  BaSi20_  — 
Mg2Si04  --  Si02  system  (from  Yasuno). 


a.  Cristobalite 

b.  Tridymite 

c .  Sanbornite 

d.  Protoenstatite 

e.  For  sie  rite 

f.  Weight  % 


BaO-MgO-3iG2  and  BaO’MgO-oSiOg  (Fig.  56).  The  compounds  1:1:1 

and  1:2:2  melt  congruentiy  at  1640  and  1600°,  respectively.  For  the  remain¬ 
ing  three  incongruently  melting  compounds,  the  following  reactions  were  oo  - 
served  during  melting;  2BaO"  MgO*  2Si02  at  1425°  forms  BaO*  MgO-  S,02  and 
liquid;  BaO-  MgO-  3Si02  at  1015°  forms  BaO-  2MgO-  2Si02  and  liquid;  the  com¬ 
pound  3BaO-MgO-  2310.,  begins  to  melt  at  1620°,  with  formation  of  BaO- 
MgO-  Si02  and  23aO-  SiOg.  3olid  solutions  were  not  found  in  the  system. 
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Fig.  56.  Diagram  of  phase  ratios  of  MgO  —  BaO  - 
SiC>2  system  in  the  subsolidus  region  (from  Argyle 

and  Hummel). 


a.  Glass  formation  region 

b.  Two  liquids 

c.  Region  not  producing  glass 

d.  Mole  % 


The  compound  BaO*  3MgO*  2Si02»  to  which  GryZicki  and  Nadochowski 
referred  [6],  is  actually  a  mixture  of  BaO'  2MgO*  aSiOg  and  MgO. 

Besides  the  compounds  indicated  above,  Grebenshchikov  [1,2]  synthesized 
a  new  lamellar  silicate  MgO*  BaO'-iSiOg  —  MgBaSi^Ojg,  which  is  the  crystallo- 
chemical  analog  cf  gillespitc  (FeBaSi^O^/.  The  synthesis  was  accomplished 
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by  prolonged  crystallization  (7  days  and  more)  of  the  corresponding  glass,  in 
the  900-1000°  range,  with  addition  of  2%  MgFg.  The  indices  of  refractions  of 
the  crystals  in  the  sodium  D  line:  Ng  *  1.  585,  Np  *  i.  573.  The  tetragonal 
cell  parameters  of  MgBaSi^Oj^:  a  "  7.46,  c  »  16. 1  kX,  c:a  *  2. 16, 

Z  *  4.  The  density,  calculated  from  X-ray  data,  is  3.22  g/cm  . 


Fig.  57.  Schematic  diagram  of  phase 
ratios  of  partial  system  BagSi^O^Q  -- 

MgBaSijOjg  (from  Grebenshchikov). 

Key:  a.  Mole  % 

Toropov  and  Grebenshchikov  [3]  studied  the  subsolidus  region  of  the 
system  BagSi^O^Q  — MgBaSi^O^Q,  heating  the  mixtures  (up  to  50  mole  % 
MgBaSijOjQ)  almost  to  the  start  of  fusion  (1110-1200°).  A  schematic  phase 
diagram  in  the  subsolidus  region  of  BagSi^O^Q  --  MgBaSi^O^Q  is  presented 
in  Fig.  57,  The  solubility  limit  of  MgBaSi^O^  in  barium  disilicate  is  estimated 

2  +  2  + 

at  15  mole  %.  This  comparatively  low  replaceability  of  Ba  by  Mg  apparently 
is  connected  with  the  considerable  difference  in  structure  of  sanbornite 
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(BagS^O^)  and  the  gille spite -like  silicate.  It  is  interesting  that  the  index 
of  refraction  of  the  limiting  solid  solution  is  only  0.004  less  than  the  correspond¬ 
ing  value  for  sanbornite. 

Klasens  and  colleagues  [7]  describe  the  ternary  compounds  BaOMgO* 

Si02,  Ba0  2MgO*2Si02,  2BaO*  MgO*  2Si02  and  3BaO*  MgO*  2Si02,  obtained 
by  annealing  mixtures  of  BaCOg,  MgO  and  Si02  at  1000  and  1200°. 

Borchert  and  Petzenhauser  [5],  by  annealing  a  mixture  of  BaO  +  5MgO  +* 
12Si02  (about  1300°),  obtained  a  new  hexagonal  phase  of  unknown  composition, 
with  unit  cell  parameters  ag*  13.  24,  Cq  *b  13.  33  ^  0.  05  A. 
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CaO  --  BaO  --  SiCr 


The  first  investigation  of  the  system  is  that  of  Eskola  [8],  who  studied 
the  metasilicate  profile  CaSiO^  --  BaSi09  presented  ir  Fig.  58.  Eskola  did 
not  find  any  solid  solutions  here.  He  obtained  the  ternary  compound  2CaO 
BaO*  SSiO^. 


Fig.  58.  Phase  diagram  of  partial 
system  CaO*  Si09  --  BaO*  Si09 
(from  Eskola).  41 

Key: 

a.  W  eight  % 


Toropov  and  Konovalov  (3J  demonstrated  complete  miscibility  in  the  : 

2Ba0*Si02  --  2Sr0*Si02  system,  and  they  determined  the  indices  of  refraction 
and  density  of  the  solid  solutions. 

Toropov  and  colleagues  [1,2]  plotted  a  complete  phase  diagram  of  the  l 

ternary  system,  which  is  presented  in  Fig.  59.  In  the  presence  of  barium  € 
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Fig.  59.  Phase  diagrarr.  of  BaO  --  CaO  --  SiOr,  system 
(from  Toropov,  Galakhov  and  Bondar*). 

Key: 

a.  Two  liquids 

b.  Cristobalite 

c.  Tridymite 

d.  Weight  % 


oxide,  the  compound  3CaO-  2SiC>2  melts,  with  decomposition  into  a  solid  solution 
of  calcium  and  barium  orthosilicates  and  liquid.  The  figurative  point  of  this 
compound  is  outside  its  field  of  piimary  crystallization. 

The  region  of  solid  solutions  of  the  series  CagSiO^  --  BagSiO^  represents 
a  broad  band,  the  boundaries  of  which  and  liquidus  temperature  of  the  field 
have  been  determined  precisely. 
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In  the  binary  system  CaO  --  SiOg,  the  region  of  phase  separation  of  the 
liquids  encompasses  the  composition  72.  0-99.  5  weight  %  Si02,  and  the  equi¬ 
librium  temperature  of  the  three  phases  is  1698°.  In  the  ternary  system,  this 
region  extends  up  to  11  weight  %  BaO.  A  schematic  three-dimensional  model 
of  the  phase  separation  region,  having  the  appearance  of  a  cupola,  at  the  base 
of  which  is  the  plane  of  coexistence  of  two  liquid  (glass)  and  one  crystalline 
phase,  and  the  peak  of  which  is  the  critical  phase- separation  temperature  in 
the  CaO  --  SiO?  system,  is  presented  in  Fig.  60.  The  position  of  the  K' 
point  is  defined  by  the  coodinates:  CaO  5  weight  %,  BaO  11  weight  %,  Si02 
84  weight  %  and  the  temperature  1690°.  The  values  of  the  critical  phase 
separation  temperatures  are  presented  in  Table  2. 


Fig.  60.  Immiscibility  cupola  of  melts 
in  BaO  —  CaO  --  SiO,.,  system  (from 

Toropov,  Galakhov  and  Bondar')* 

Key: 

a .  Weight  % 
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TABLE  1 

INVARIANT  POINTS  OF  CaO  --  BaO  —  Si02  SYSTEM 
(from  Toropov  and  colleagues) 
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It  was  found  in  works  [5,  9]  that  solid  solutions  of  the  Ca2Si04  --  Ba2Si04 


system  are  not  continuous.  Formation  of  an  individual  ternary  compound,  the 
composition  of  which  was  not  determined,  also  is  indicated. 


Brisi  [6]  proposes  that,  in  the  pseudobinary  system  of  Ba2SiC>4  --  Ca2SiC>4, 


besides  solid  solutions  of  limited  concentration,  base  1  on  Ca2Si04,  a  uniform 


phase  with  hexagonal  symmetry,  similar  to  glaserite  in  structure,  exists  in 


the  concentration  range  from  0.  8  CaO’  1.2  BaO*  Si02  to  0.45  CaO-  1.  55  BaO* 


Si°2* 
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TABLE  2 

CRITICAL  PHASE  SEPARATION  TEMPERATURES 
OF  LIQUIDS  IN  CaO  --  BaO  —  Si02  SYSTEM 


CoctaD,  wee.*/. 

*  KpiITUWClKlH 
TCMwnaTypa 

CaO 

llaO 

SIO, 

paccjMHnntim!, 

10 

90 

2110 
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90 
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10 

85 

1810 

10 

5 

85 

1965 

15 

5 

so 

1925 

20 

5 

75 

1900 

15 

10 

75 

1825 

a.  Composition,  weight  % 

b.  Critical  phase  separation 
temperature,  “C 


Brisi  and  and  Appendino  [7]  found  that  the  maximum  solubility  of  Ba2SiC>4 
in  CagSiO^  is  20  mole  %  at  1100°  {Fig.  61).  Substitution  of  calcium  atoms  by 
barium  atoms  leads  to  stabilization  of  the  high  temperature  forms  of  CagSiO^. 
For  the  composition  1.  8  CaO-  0. 2BaO’  SiC>2,  X-ray  photos  indicate  a  rhombic 


unit  cell  (characteristic  of  the  modification),  with  parameters  a0  =  6.  86, 


bg-  5.57andCQ=  9.37  A. 

Toropov  and  Fedorov  [4],  using  the  quenching  method,  plotted  a  phase 
diagram  of  the  CagSiO^  --  Ba2SiO^  system,  which  is  presented  in  Fig.  62. 

The  ternary  compound  found  has  the  composition  of  approximately  5BaO*4CaO 
SSiOg,  and  it  melts  without  decomposing  at  a  temperature  of  1875°.  Its  density 
is  4.86  g/cm^,  and  the  indices  of  refraction:  Ng  *=  1.  771  i  0. 004,  Np  *  1.  767  £ 
0.004.  -  90  - 


Fig-  61.  Diagram  of  phase  ratios  in 
CaO  --  BaO  --  Si02  system  in  subsolidus 
region  at  1100°  (from  Brisi  andAppendino) . 

Key:  a.  Mole  % 


'c 


Fig.  62.  Phase  diagram  of  pai  J.al  system 
Ca2SiO^  --  BagSiO^  (from  Toropov  and 
Fedorov). 

Key:  a.  Weight  % 
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Two  solid  solution  regions  were  identified  in  the  system:  based  on 
dicalcium  silicate  and  based  on  the  barium -calcium  silicate  found.  The  maxi¬ 
mum  solubility  of  the  barium -calcium  silicate  in  CagSiO^  corresponds  to 
a  content  of  54  weight  %  BagSiC^,  and  of  Cp^SiO^  solubility  in  the  barium  - 
calcium  silicate,  to  a  content  of  67.  5  weight  %  Ba2  SiC>4,  the  limiting  solubility 
of  Ba2SiO^  in  the  barium -calcium  silicate,  to  a  content  of  87  weight  %  Ba2Si04. 
BagSiO^  base  solid  solutions  were  not  found. 

The  Ca2SiC>4  and  6BaO4Ca0*  5SiO^  eutectic  contains  55.  8  weight  % 

BagSiO^  and  44.  2  weight  %  CagSiC^,  and  it  has  a  melting  temperature  of 
1770  ±  20°.  The  barium -calcium  silicate  and  Ba2SiC>4  eutectic  contains 
approximately  90  weight  %  BagSiC^,  and  it  melts  at  1830  i  .20°. 

Formation  of  C^SiC^  base  solid  solutions  of  various  concentrations 
leads  to  successive  stabilization  of  the  Q-,  a'-,  and  <r -forms  of  Ca^SiC^. 
Rhombic  Ba2Si04,  depending  on  its  content  in  the  solid  solution,  stabilizes 
both  the  hexagonal <t-  and  the  rhombic  <?'-,  and  even  the  monoclinic  £-Ca2Si04. 

A  discontinuity  is  found  in  the  concentration  dependences  of  the  indices 
of  refraction  and  of  microhardness,  which  corresponds  to  a  content  of  approxi¬ 
mately  81  weight  %  Ba2Si04,  which  confirms  the  accepted  formula  for  barium - 
calcium  silicate. 

The  composition  of  the  ternary  compound  presented  by  Toropov  and 
Fedorov  is  very  close  to  the  composition  given  by  Grylicki  and  Nadocliowski, 
and  it  differs  considerably  from  the  data  of  Kholin  and  colleagues,  who  apparently 
give  a  composition  of  the  limiting  solid  solution  of  CagSiC^  in  barium -calcium 
silicate,  and  not  of  the  complex  silicate  itself. 

In  the  pseudobinary  CaSiO^  --  BaSiO.^  system,  Brisi  and  Appendino, 
beside  the  previously  knowm  compound  2CaO’  BaO*  SSiOg,  found  a  n^w  compound. 


o 


close  vo  the  formula  0. 9BaO*  0.  ICaO*  SiOg.  This  compound,  probably  having 
a  certain  region  of  uniformity,  cannot  be  considered  to  be  a  modification  of 
BaSiOg,  stabilized  by  calcium  (Fig.  61). 


o 


\ 
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SrO  --  BaO  --  Si02 

Shteynberg  [1]  has  studied  the  partial  profile  SrSiOg  --  BaSiOg,  by 
carrying  out  crystallization  of  the  corresponding  glasses,  with  subsequent 
quenching.  He  describes  three  ternary  compounds:  SrO*  BaO-  2Si02, 

SrO*  2BaO*  3Si02  and  SrO*  5BaO*  6Si02,  which  crystallize  in  the  form  of  poly¬ 
synthetic  twins,  hampering  their  differentiation.  The  existence  of  solid  solu 
tions  of  the  series  SrO*  BaO*  2Si02  --  SrO*  2BaO*  3Si02  is  proposed  (on  the 
basis  of  data  of  the  indices  of  refraction).  The  compound  SrO-  BaO-  2Si02 
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apparently  is  an  analog  of  diopside,  which  is  seen  from  the  similarity  of  the 
infrared  absorption  spectra.  For  the  compound  SrO*  BaO’  2Si02,  indices  of 
refraction  are  presented  of  Ng  -  1.  653,  Np  —  1.  648;  the  crystals  are  biaxial, 
and  extinction  is  direct.  The  compound  SrO*  2BaO*  3Si02  is  characterized  by 
indices  of  refraction  Ng  =  1.  666,  Np  =  1.  661,  and  the  crystals  are  biaxial. 
For  the  compound  SrO- 5BaO*  6Si02,  Ng  s=  1.663,  Np  =  1.659,  the  crystals 
are  biaxial  and  extinction  is  oblique. 

Brisi  and  Appendino  [3]  studied  the  partial  profile  3Ba0*Si02  --  3SrO* 
SiOg.  At  1500°,  according  to  X-ra>  data,  formation  of  a  continuous  solid 
solution  takes  place.  At  1200°,  limiting  solid  solutions,  based  on  tribarium 
silicate,  are  found,  which  are  connected,  as  Massazza  [4]  showed,  with  in¬ 
stability  of  3 SrO*  Si02  below  1280°. 


BaO  C  If  on  %  SrO  BaO  C*on  %  SrO 


Fig.  63.  Diagram  of  phase  ratios  of  SrO  --  BaO  --  Si02 
system  in  subsolidus  region  (from  Appendino  and 
Appendino-Montorsi);  a.  1100°;  b.  1400°. 


Key: 

c .  Mole  % 
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Appendino  and  Appendino- Montorsi  [2]  confirmed  the  formation  of  a 
solid  solution  of  the  type  3(Ba,  Sr)0*  SiOg,  and  they  found  that,  at  1100°, 
approximately  one-fifth  of  the  barium  atoms  can  be  replaced  by  strontium 
atoms  (Fig.  63a).  In  the  section  bounded  by  the  compounds  BaO,  B2S, 

Sr2S  and  SrO,  there  are  four  regions:  1.  a  region  containing  two  solid  solu¬ 
tions  based  on  3 BaO*  Si02  and  2 BaO*  SiO.,,  in  which  substitution  jf  barium  by 
strontium  reaches  20-25%;  2.  a  region,  in  which  there  is  SrO  and  a  solid 
solution  of  the  type  2(SrBa)0*  SiOg,  with  a  predominantly  strontium  content; 

3.  a  region  of  two  solid  solutiors,  Ba(Sr)0  and  3(BaSr)0*  Si02;  4.  one  three- 
phase  region  (white  field  in  the  figure) . 

From  a  study  of  the  region  in  which  the  (SrO  *f  BaO):  Si02  ratio  is 
between  2  and  1  (within  the  limits  included  between  the  compounds  BS,  SrS, 
Sr2S  and  BgS),  at  1100°,  low  solubility  of  SrO*  Si02  in  barium  metasilicate 
(not  over  2%)  was  found.  A  solid  solution  region  also  was  found  in  the  meta¬ 
silicate  profile,  in  the  interval  between  0.  9BaO‘  0.  lSrO’  Si02  and  0.  8BaO* 

0.  2SrO*  SiOg.  The  authors  did  not  study  stability  of  these  solid  solutions  at 
temperatures  higher  than  1100°. 

The  SrO*  Si02  base  solid  solution  corresponds  approximately  to  the 
formula  2SrO*  BaO*  3Si02  at  1100°.  This  is  considered  to  be  a  discrete  com¬ 
pound,  which  is  stable  below  1250°.  In  the  region  rich  in  silica,  the  compound 
SrO*  5BaO*  lOSiOg  has  been  found,  for  which  a  set  of  interplane  distances  is 
introduced. 

The  authors  have  studied,at  1400°,the  system  bounded  by  the  region  be¬ 
tween  the  compounds  BaO,  BgS,  Sr2S  and  SrO.  Here,  a  continuous  series  of 
solid  solutions  has  been  found  of  3BaO'  SiOg  —  3SrO*  SiOg  and  2BaO’  Si02  -- 
2Sr0*Si02>  Two  two-phase  fields  are  shown  in  Fig.  63b. 
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ZINC  SILICATE  SYSTEMS 
LigO  —  ZnO  —  SiOg 

The  rough  investigation  of  Stewart  and  Buchi  [1]  was  restricted  to  the 
region  adjoining  SiOg:  up  to  70  mole  %  ZnO  and  70  mole  %  LigO.  Two  ternary 
compounds  were  found:  LigO*  ZnO*  SiOg  and  4LigO*  lOZnO*  7SiOg.  X-ray 
studies  showed  that  the  compound  LigO*  ZnO*  SiOg,  structurally  is  similar  to 
LigO-  MgO*  SiOg,  can  be  indexed  on  the  basis  of  a  primitive  tetragonal  cell, 
with  parameters  a  11.47,  c  *  10.78  A,  c:a  *  0.94,  and  the  compound 
4LigO-  lOZnO*  7SiOg  correspondingly,  on  the  basis  of  a  rhombic  cell,  with 
parameters  a  »  7.93,  b  *  9.13,  c  —12.80  A,  a:b:c  *  0.87:1:1.40. 
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NagO  --  ZnO  --  SiOg 

The  phase  equilibria  in  the  system  have  not  been  studied.  Litvin  and 
colleagues  [1]  have  studied  crystallization  in  the  NagO  --  ZnO  --  SiOg  system 
in  the  350-550°  temperature  range,  in  steel  autoclaves  lined  with  titanium, 
with  a  solvent  of  a  water  solution  of  caustic  soda.  They  we*®  the  first  to 


obtain  five  sodium  zinc  silicates,  the  chemical  formulas  and  properties  of 
which  are  presented  in  the  table.  The  first  two  phases  have  a  significant 
piezoelectric  effect,  which  makes  their  practical  use  possible,  especially  m 
combination  with  bright  luminescence  (in  the  yellow -green  portion  of  the 
spectrum,  with  activation  by  mrmganese). 
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Fig.  64.  Phase  diagram  of  NagO  --  ZnO  --  SiOg  system 
in  high-silica  region  (from  Holland  and  Segnit). 


a.  Cristobalite 

b.  Tridymite 

c.  Quartz 
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Holland  and  Segnit  [2]  have  studied  the  system  (exceoting  the  section 
adjacent  to  the  NcigO  --  ZnO  side)  by  the  quenching  methou  _<‘ig.  64).  Four 
ternary  compounds  were  obtained:  NagO*  ZnO*  SiOg,  NagO  ZnO*  2SiOg, 

NagO*  2ZnO*  2SiOg  and  2NagO*  2ZnO*  3SiOg,  melting  incongruently  at  1340 
(with  formation  of  ZnO  and  liquid),  860  (with  formation  of  1:2:2,  2:2:3  and 
liquid;  at  900°, compound  2:2:3  disappears  and  final  melting  is  observed 
at  945°),  1090  (with  formation  of  ZnO  and  liquid,  final  melting  at  1325°)  and 
975°  (with  formation  of  compounds  1:1:  land  1:2:2  and  liquid;  at  1010°,  com¬ 
pound  1:2:2  dissolves  and  the  final  melting  takes  place  at  1175°),  respectively 

PROPERTIES  OF  SODIUM  ZINC  SILICATES 
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a.  Composition 

b.  Crystal  system 

c.  Unit  cell  parameters,  A 

d.  Density,  g/cm3 

e.  Moos  hardness 

f.  Monoclinic 

g.  Rhombic 

h.  Same 
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The  compound  NagO*  ZnO*  SiO,,  exists  in  four  polymorphic  forms,  with 
transition  temperatures  of  620  ±  10,  815  +  10  and  1055  i  5°.  For  the  low 
temperature  form,  biaxial  negative  crystals,  with  indices  of  refraction 
Ng  —  1.618  0.002,  Np  =  1.606  i  0.002,  are  characteristic.  Crystals 

of  compound  1:1:2  are  monoclinic,  biaxial  and  negative,  with  a  large  optical 
axis  angle  and  indices  of  refraction  Ng  *=  1. 580  i  0. 002,  Np  =  1.  £57  i  0. 002. 
Crystals  of  compound  1:2:2  are  biaxial  and  negative,  with  a  medium  optical 
axis  angle  and  indices  of  refraction  Ng  1.650 dll  0.003,  Np  *  i.633  —  0.002. 
Compound  2:2:3  forms  poorly  expressed  pseudocubic  crystals,  frequently 
appearing  to  be  isotropic,  with  an  index  of  refraction  1. 587  io  .  002;  however. 
X-ray  data  indicate  that  this  compound  lelongs  tc  the  tetragonal  crystal  system, 
with  parameter  c  three  times  greater  than  a. 

Holland  and  Segnit  discovered  a  mixture  of  several  phases  in  efforts  to 
obtain  compound  1:1:3. 

A  X-ray  photo  of  compound  1:3:2,  made  by  Litvin  and  colleagues,  in  the 
opinion  of  Holland  and  Segnit,  actually  is  a  X-ray  photo  cf  2:2:3,  in  a  mixture 
with  other  phases. 
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KgO  —  ZnO  --  Si02 

A  rough  study  of  the  system  has  been  made  by  Ingerson  and  colleagues  [1]. 
Determination  of  the  liquidus  temperature  and  the  primary  phases  in  the  system 
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has  been  accomplished  only  for  points  1-7  (Fig.  65).  The  ternary  compound 
KgO*  ZnO*  SiOg  apparently  exists  in  the  system,  separating  out  in  the  form  of 
isotropic  (cubic)  crystals,  with  N  =  1. 622  and  decomposing  with  melting  at 
1300°.  Moreover,  the  possibility  is  suggested  of  formation  of  two  compounds: 
KgO*  2ZnO*  oSiOg  (isotropic  crystals,  N  >  1.591)  and  KgO*  ZnO*  2Si02  (uni¬ 
axial  crystals,  N  1. 544).  Field  A,  noted  on  Fig.  65,  possibly  belongs  to 
one  of  these  compounds. 
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Fig.  65.  Phase  diagram  of  KgO  —  ZnO  --  Si02 
syste?.n  (from  Ingerson  and  colleagues). 

Key: 

a.  Willemite 

b.  Weight  % 

BIBLIOGRAPHY 

1.  Ingerson,  E.,  G.W.  Morey,  O.  F.  Tuttle,  Amer.  J.  Sci.,  246,  No.  1, 
31,  1948 


'wm 


_ ~  AMfN  * 

•.xt**- »«_>*;  v-4,  ,--,w  ■ 

t*»  Vw».  r-  y\» ;  _  *v-  . - 
*  **<_> 


MgO  —  ZnO  --  Si02 

The  system  has  been  studied  by  Sarver  and  Hurnmel  [1]  and  Segnit  and 
Holland  [2J.  The  first  authors  studied  the  subsolidus  relationships  in  the 
pseudobinary  system  Zn2Si04  --  MggSiO^  (annealing  up  to  ~  1450°).  For 
determination  of  the  mutual  solubility  at  reduced  temperatures  (down  to 
850°),  the  study  was  conducted  under  hydrothermal  conditions  (water  vapor 
pressure  reached  1000  psi) .  It  is  evident  from  the  phase  diagram  of  the 
ZrigSiO^  —  MggSiO^  system  presented  in  Fig.  66  thct  the  mutual  solubility 
of  these  silicates  in  the  subsolidus  region  increases  with  increase  i*i  tempera¬ 
ture.  Thus,  the  solubility  of  Zn^SiO^  in  Mg2Si04  increases  from  16  mole  % 
at  850°  to  24  mole  %  at  1460°,  and  the  solubility  of  Mg2Si04  in  ZngSi04  for 
these  same  temperatures  increases  from  20  to  44  mole  %. 
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Fig.  66.  Phase  diagram  of 
partial  system  Mg2SiC>4  — 
Zn2Si04  (from  Sarver  and 
Hummel). 
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Fig.  67.  Solid  solutions  in  MgO  -■ 
ZnO  —  SiOg  system  (from  Sarver 
and  Hummel). 
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Sarver  and  Hummel  also  determined  the  solubility  of  ZnSiOg  in  MgSiOg. 
The  solid  solutions  existing  in  the  MgO  --  ZnO  --  SiOg  system,  the  concentra¬ 
tions  of  which  are  given  for  1200-1300°,  are  shown  in  Fig.  67. 

Segnit  and  Holland  [2]  employed  the  quenching  method,  using  a  high- 
temperature  microscope.  Ternary  compounds  were  not  found.  The  phase 
diagram  of  the  complete  MgO  --  ZnO  --  SiOg  system  is  presented  in  Fig.  68. 
Considerable  areas  in  the  diagram  belong  to  solid  solutions  of  the  pseudobinary 
system  MggSi04  --  ZngSi04  and  the  MgO  --  ZnO  system. 


Fig.  68.  Phase  diagram  of  MgO 
ZnO  —  SiOg  system  (from  Segnit 
and  Holland) . 

Key: 
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d.  Weight  % 
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A  eutectic  in  the  pseudobinary  Mg2Si04  --  Zn2Si04  profile  crystallizes 
at  about  1500°,  and  it  contains  2P  weight  %  Mg2Si04  and  71  weight  %  Zn2Si04< 
The  position  of  this  eutectic  gives  an  indication  of  lower  solubility  of  Mg2SiC>4 
in  ZngSiC^  than  that  presented  by  Sarver  and  Hummt1,  going  up  to  26  weight  % 
at  1480°.  The  maximum  solubility  of  ZnSiO.-  in  MgSiOg  was  found  to  equal 
11  weight  %.  The  region  adjacent  to  the  MgO  apex  remains  unstudied,  and 
still  another  invariant  point  is  possible  here,  in  which  the  phases  based  on 
forsterite,  zincite  (ZnO)  and  periclase,  will  be  found  in  equilibrium  with  the 
liquid. 


INVARIANT  POINTS  OF  MgO  —  ZnO  --  Si02  SYSTEM 
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CaO  —  ZnO  --  Si02 

The  study  has  been  studied  by  Segnit  [2],  by  the  quenching  method  (Fig. 
69).  One  ternary  compound  2CaO*  ZnO*  2Si02  has  been  found,  corresponding 
to  the  mineral  Lardystonite,  with  a  congruent  melting  temperature  of  1425°. 
It  forms  negative,  uniaxial  crystals,  with  indices  of  refraction  Ne  =  1.661 
and  No  =  1.  673. 


Fig,  69.  Phase  diagram  of  CaO  --  ZnO  -- 
SiOg  system  (from  Segnit). 

Key: 

a.  Two  liquids 

b.  Cristobalite 
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Eigare  and  colleagues  [1]  have  studied  a  section  of  the  3CaO*Si02  — 
ZnO  profile  uT  to  5  weight  %  ZnO),  where  solid  solutions  form  in  a  certain 
region.  The  results  of  thermographic  studies  oi  polymorphic  conversions 
of  modifications  of  CagBiOg,  stabilized  by  zinc  oxide,  i.  e. ,  the  region  of 
existence  of  solid  solutions,  corresponding  to  various  modifications  of  3CeO* 
SiOg,  are  shown  in  Fig.  70.  The  maximum  concentration  of  ’’’nO  in  the  solid 
solution  is  somewhat  in  excess  of  2  weight  %. 
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Fig.  70.  fhauge  in  conversion  tempera¬ 
ture  of  solid  solutions  of  the  3Ca0*Si02  -- 
ZnO  series  (from  Bigare  and  colleague's): 

M  monoclinic  solid  solutions,  T  tetragonal, 
R  rhombic. 
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INVARIANT  POINTS  OF  CaO 


SiO*  SYSTEM 


--  ZnO  -- 

6 


Jl 

c 

Xfpoucce 

Jcocraa,  aw.  •/, 

e 

Tcmiic- 

pary- 

CaO 

ZnO 

SiO, 

pa.  “C 

A 

3CaO  -2St0,+O0  .SiO,+2CaO  • 
•ZnO  *2SiO.-f  MtTmKncrvr 

h  OftTCKTOKa 

• 

40.4  j 

11.5 

42.1 

1300 

B 

3CaO  -2SiO.  +2CaO  -SiO,  + 

il  51 

1303 

+2CaO  -ZnO  ‘2SiO, +>kua- 

KOCTo  4r 

mm 

It  dBTCKmxa 

C 

ZnO  +2CaO  SiO,  +2CaO  ZnO  • 

36.6 

3S.v> 

1315 

•2SiO,-fH(IIAKOCTbY 

D 

ZnO+2ZnO -SiO,-f 2CaO  ZnO • 

» 

18.0 

50.0 

32.0 

l2'.r 

•  2SiO,-fJioiAKorn.*f 

E  ) 

Fi 

i  SiO,(TpiwiMnT)+2ZnO  -SiO,-f  Z 
-f-2CaO-ZnO-2SiO,+MawK0C{l 
SiO,(Tpn«m«rr)  +CaO  -SiOj-j- 
1  +2CaO.ZnO-2SiO,H->CTA-f 

» 

vPeaKunoHt in 
TOHKa 

19.6 

24.1 

S2.4 

21.9 

48.0 

54.0 

1170 

1223 

KOCTfa 

Key: 

a.  Points  (Fig.  69) 

b.  Phases 

c.  Process 

d.  Composition,  weight  % 

e.  Temperature.  °C 


f.  Liquid 

g.  Si02  (tridymite) 
ft.  Eutectic 

i.  Reaction  point. 
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SrO  --  ZnO  --  Si02 

Shteynberg  [1^  presents  some  information  on  the  system,  havirg  studied 
the  partia)  SrSiO^  --  ZnSiO^  profile  by  the  quenching  method.  One  ternai,,,r 
compound  3SrO*  ZnO*  4Si02  was  found,  melting  incongruertly  at  1390°,  with 
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decomposition  into  SrSiOg  and  liquid.  The  crystals,  obtained  in  the  form  of 
rectangular  prisms,  were  uniaxial,  positive,  with  indices  of  refraction 
Ng  ~  1. 677,  Np  =  1. 672.  A  region  of  immiscible  liquids  was  found  close  to 
zinc  metasilicate. 

The  existence  of  the  ternary  compounds  SrO*  2ZnO*  2Si02  and  2SrO*  ZnO* 
2Si02,  described  by  Klasens  and  colleagues  [2],  cannot  be  considered  to  be 
conclusively  established.  These  authors  carried  out  synthesis  by  sintering 
at  1000-1200°. 

According  to  the  data  of  Shteynberg,  a  X-ray  photo  of  the  composition 
2SrO*  ZnO*  2Si02  is  similar  to  3SrO*  ZnO-  4Si02,  and  the  X-ray  photo  of 
SrO’  2Z‘iO*  2Si02  is  similar  to  that  of  SrSiOg. 
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BaO  *  -  ZnO  --  Si02 

Klasens  and  colleagues  [ij,  .snneal’ng  a  mixture  of  BaCOg,  ZnO  and 
SiOg  at  1000-1200°  obtained  three  ternary  compounds:  BaO*  ZnO*  Si02,  BaO* 
2ZnO’  2Si02  and  ?EaO*  ZnO*  2SiOg.  The  interplant  distances  and  X-ray  line 
intensities  are  presented  for  these  compounds. 
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LEAD  SILICATE  SYSTEMS  ! 

Na20  —  PbO  —  SiOg 

The  system  has  been  studied  by  Krakau  and  colleagues  [3-5],  who  re-  ! 

stricted  themselves  to  the  NagO*  SiOg  --  PbO*  SiOg  —  SiOg  triangle.  Five 
ternary  compounds  were  found:  the  compounds  NagO*  3PbO*  6SiOg  (lead  devitrite) 
and  NagO- 2PbO*  3SiOg,  melting  congruently  at  717  and  615°,  respectively 

! 

(the  first  of  these  compounds  undergoes  an  enantiotropic  <  *=*  /  conversion  at  j 

540°),  and  the  compounds  NagO*  2PbO*  4SiOg,  NagO*  3PbO*  7SiOg  and  3NagO*  j 

3PbO*llSiOg,  melting  incongruently  at  635,  725  and  645°,  respectively.  In  j 

Fig.  71,  where  the  complete  phase  diagram  of  the  system,  plotted  by  Levin 
and  colleagues  [8],  combining  existing  data  in  the  literature,  is  presented, 
these  compounds  are  designated  by  Roman  numbers:  I  (1:2:4),  II  (1:3:6),  high- 
temperature  modification).  III  (1:2:3),  IV  (1:2./)  and  V  (3:3:11).  The  system 
has  five  ternary  eutectics,  designated  a, b,  c,d  and  e. 

Krakau  [3]  has  studied  several  partial  binary  systems:  PbO  --  NagO* 

SiOg  (Fig.  72),  PbO*  SiOg  --  NagO*  SiOg  (Fig.  73),  2PbO*SiOg  —  NagO-SiOg 
(Fig.  74),  3PbO*SiOg  —  NagO-SiOg  (Fig.  75)  and  3 PbO*  2 SiOg  --  NagO-SiOg 
(Fig.  76). 


Pto  to  *0  60  SO  tty 


Fig.  71.  Phase  diagram  of  NazO  --  PbO  --  Si02  system: 
region  bounded  by  PbSiOg  --  Na2SiC>3  --  Si02  triangle 
(from  Krakau  and  colleagues):  invariant  point  temperatures: 
a.  670°,  b.  580°,  c.  575°,  d.  570°,  e.  610°,  1.  685°,  2.  640°, 

3.  643°,  4.  630°,  5.  620°,  6.  630°;  I.  NagO*  2PbO*  4SiO?;  II. 
Na20-  3PbO*  6Si02;  III.  Na2<>  2PbO  3Si02;  IV.  Na20*3Pb0* 
7Si02;  V.  3Na20-3Pb0- HSi02. 

Key: 

a.  Mole  % 

Glasses  of  the  Na20  --  PbO  —  Si02  system  have  been  studied  in  detail 
by  I.  V.  Grebenshchikov  and  his  colleagues  (1,2, 6,  7). 
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a.  Compound 

b.  Crystal  system 

c.  Appearance 

d.  Cleavage 

e.  Optical  sign 

f.  Temperature,  °C 

g.  Rhombic 

h.  Tetragonal 

i.  Hexagonal 

j.  Monoclinic 
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n.  Pyramids 
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Fig.  72.  Phase  diagram  of  partial 
system  PbO  --  Na^O-  Si.Og  (from 
Krakau  and  colleagues). 

Key:  a.  Id  ole  % 
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Fig.  73.  Phase  diagram  of  partial  system  Na^O 
SiOg  —  PbO*Si02  (from  Krakau  and  colleagues). 

Key:  a.  Mole  % 
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Fig.  74.  Phase  diagram  of  partial 
system  Na20*Si02  --  2PbO-  SiOg 

(from  Krakau  and  colleagues). 
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Fig.  75,  Phase  diagram  of  partial 
system  Na20*  SiOg  --  3PbO*  SiOg 

(from  Krakau  and  colleagues). 
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KgO  —  PbO  --  Si02 

The  system  has  been  studied  by  Geller  and  Bunting  [2].  In  accordance 
with  the  diagram  presented  (Fig.  77),  four  ternary  compounds  of  a  complex 
stoichiometric  composition  have  been  found:  I^O-  2 PbO-  2Si02,  K^O-  4PbO-  3Si02, 
KgO-  PbO-  4Si02  and  2IC,0-  PbO-  3Si02>  It  is  interesting  that,  in  the  Na20  -- 
PbO  —  Si02  system,  in  which  many  compounds  also  are  found,  their  compo¬ 
sition  is  completely  different  from  that  of  the  lead-potassium  silicates. 

The  compounds  1:2:2,  1:4:8  and  1:1:4  melt  congruently  at  918,  779  and 
757°.  Compound  2:1:3  melts  incongruently  at  735°,  with  crystallization  of 
compound  1:2:2.  The  authors  assert  the  existence  of  a  fifth,  more  acid  com¬ 
pound  of  unknown  formula,  melting  incongruently  at  about  750°,  with  crystal  ¬ 
lization  of  silica. 

In  study  of  glasses,  phase  separation  was  found  below  the  line  of 
PbO  --  KgO-  Si02,  in  the  region  adjacent  to  I^O.  Viscosity  of  melts  of  the 
system  was  determined  by  Frohberg  and  Rohde  [1J. 
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Fig.  77.  Phase  diagram  of  KgO  --  PbO  —  SiOg  system 
(from  Geller  and  Bunting). 

Key: 


a.  Weight  % 
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a.  Compound 

b.  Process 

c.  Composition,  weight  % 

d.  Temperature,  °C 


e.  Liquid 

f.  Melting 

g.  Incongruent  melting 
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TABLE  4 


CRYSTALLINE  PHASES  OF  KgO  —  PbO  —  SiOg  SYSTEM 
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Key: 


a.  Compound 

b.  Crystal  system 

c.  Appearance 

d.  Cleavage 

e.  Optical  sign 

f.  Phase  of  unknown  composition 


g.  Hexagonal 

h.  Plates 

i.  Rectangular  grains 

j.  Same 

k.  About 
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MgO  —  PbO  --  Si02 

The  system  has  been  studied  by  Argyle  and  Hummel  [1],  predominantly 
in  the  subsolidus  region.  The  study  was  limited  to  a  temperature  of  900°. 
Some  mixtures  (adjacent  to  the  SiOg  apex)  were  heated  in  closed,  platinum 
tubes  (pressure  5000  psi). 
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Fig.  78.  Diagram  of  subsolidus  phase  relationships  of 
MgO  --  PbO  --  SiOg  system  (from  Argyle  and  Hummel). 

Key: 

a.  Phase  separation 

b.  Glass  formation 

c.  Absence  of  glass  formation 

d.  Mole  % 

One  ternary  compound  was  found  2PbO*MgO'  2Si02,  which  melts  con- 
gruently  at  832°.  This  compound  forms  solid  solutions  with  2Pb0’Si02, 
3Pb0*2Si02,  PbO’SiOg,  MgO' SiOg  and  SiOg.  A  schematic  phase  diagram 
with  concentration  regions,  of  which  glass  formation,  the  absence  of  glass 
and  phase  separation  of  the  liquids  are  characteristic,  is  presented  in  Fig.  78 
Two  partial  binary  profiles  are  presented  in  Figs.  79  and  80. 
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Fig.  79.  Diagram  of  phase  relationships  of  2PbO-  MgO 
2Si02  —  PbO*  SiOg  partial  system  (from  Argyle  and 

Hummel) . 

Key:  a.  Mole  % 
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Fig.  80.  Diagram  of  phase  relationships  of  2PbO* 
MgO*  ZSiOg  —  2PbO*  SiCg  partial  system  (from 

Argyle  and  Hummel). 


Key: 


a.  Mole  % 
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It  was  determined,  by  means  of  density  measurements,  that  a  cation 
deficit  is  characteristic  of  the  solid  solutions.  The  most  extensive  region  of 
solid  solutions  is  observed  in  the  2PbO*  MgO*  2SiC>2  —  PbO-  SiOg  series;  a 
constant  PbO:  Si02  ration  is  present  there.  This  ratio  is  of  decisive  importance 
for  formation  of  solid  solutions. 

Billhardt  [2]  considers  that  the  ternary  compound  existing  in  the  system 
is  a  magnesia  barysilite,  with  the  formula  8 PbO-  MgO-  6Si02,  and  he  described 
a  X-ray  photo,  similar  to  that  obtained  by  Argyle  and  Hummel  for  the  ternary 
compound.  Further  research  is  necessary  to  precisely  determine  the  formula 
of  the  magnesium  lead  silicate. 
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BaO  —  PbO  --  SiOz 

The  system  has  been  studied  by  Argyle  and  Hummel  [1],  predominantly 
in  the  sub  solidus  region  (up  to  1200°).  The  existence  of  two  ternary  compounds 
has  been  established:  PbO-  BaO-  2Si02  and  3PbO-  BaO-  2Si02.  The  compound 
PbO-  BaO-  2Si02  forms  solid  solutions  with  PbO-  SiOg  and  BaO-  SiOg.  A  con¬ 
siderable  area  of  solid  solutions  based  on  2BaO-  Si02  (in  a  series  with  2PbO- 
Si02)  has  been  established.  The  authors  have  determined  the  concentration 
region  in  which  transparent  glass  is  obtained.  Phase  separation  of  the  liquids 
is  observed  near  the  silica  apex.  Glass -forming  and  nonglass-forming  regions 
and  the  phases  existing  in  the  subsolidus  region  are  shown  in  Fig.  81. 


Fig.  81.  Diagram  of  subsolidus  phase  relationships 
of  BaO  --  PbO  —  SiC>2  system  (from  Argyle  and  Hummel) 

Key: 

a.  Phase  separation  e.  No  glass  formation 

b.  Glass  formation  d.  Mole  % 


Fig.  82.  Diagram  of  phase  relationships  of  PbO*  Si02 
BaO*  SiOg  partial  system  (from  Argyle  and  Hummel). 


Key: 


a.  Mole  % 
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Fig.  83.  Diagram  of  phase  relationships  of  2Ffc0-Si02  -- 
2  BaO- Si02  partial  system  (from  Argyle  and  Hummel)/ 

Key:  a.  Mole  % 

A  phase  diagram  of  the  pseudobinary  system  PbO*  SiOg  —  BaO-  SiOg  is 
presented  in  Fig.  82.  In  the  compound  PbO*  Ba0*2Si02,  45  mole  %  of  the 
BaO  is  replaced  by  lead  oxide  and  23  mole  %  of  the  PbO  is  replaced  by  barium 
oxide.  The  pseudobinary  profile  2 PbO-  SiC2  —  2 BaO'  Si02  is  presented  in 
Fig.  83.  The  authors  draw  attention  to  an  anomaly  in  the  change  of  interpiane 
distance  d  of  the  solid  solutions  at  30  mole  %  2PbO-  Si02,  whirh  is  connected 
with  conjectural  structural  conversions. 

The  phase  diagram  of  the  partial  system  2PbO*  SiOg  —  2BaO-  3Si02  is 
characterized  by  the  presence  of  the  compound  PbO*  BaO'  2Si02.  The  com¬ 
pound  PbO*  3BaO*  4Si02,  to  which  Butler  and  Cassanos  referred  [2],  was  not 
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MANGANESE  SILICATE  SYSTEMS 
Na20  --  MnO  —  SiC>2 

Hay  and  colleagues  [1J  have  studied  the  portion  of  the  system  adjacent 
to  the  silica  apex.  A  diagram  of  the  liquidus  surface  of  this  part  of  the  system, 
with  the  boundaries  of  the  region  of  existence  of  two  liquid  phases  plotted,  is 
depicted  in  Fig.  84.  One  ternary  compound  is  found  here  Na20*  MnO*  2Si02, 
which  melts  with  decomposition  into  tephroite  and  liquid.  The  immiscibility 
region  is  located  in  the  MnO*  SiOg  field.  Five  tie  lines  are  shown  here. 

The  two  layers  formed  in  samples  quenched  from  1200°  were  isolated 
separately,  and  a  chemical  analysis  of  each  layer  was  carried  out;  in  one  of 
the  layers,  for  example,  the  outer  layer  has  the  composition  (weight  %)  41.5 
MnO,  10  Na20  and  48.  5  Si02  and  the  inner  layer,  50. 4  MnO,  4  NagO  and 
45.6  Si02. 

The  miscibility  discontinuity  apparently  has  an  upper  limit  at  tempera¬ 


tures  above  1300-1350°. 
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Fig.  84.  Liquidus  surface  of  silica-rich 
part  of  NagO  --  MnO  —  SiOg  system; 

region  of  immiscibility  of  two  liquids  is 
shown  for  1200°  (from  Hay  and  colleagues) . 


a.  Two  liquids 

b.  Weight  % 
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MgO  --  MnO  --  SiOg 

A  phase  diagram  of  the  system,  from  data  of  Glasser  and  Osborn  [2],  is 
shown  in  Fig.  85.  It  is  characterized  by  the  absence  of  ternary  eutectics  and 
by  three  liquidus  invariant  points;  M,  E  and  N.  Point  N  (1470°)  is  an  inversion 
point,  in  which  tridymite  and  cristobalite  coexist  in  equilibrium  with  a  rhodonite 
solid  solution  and  a  liquid  of  the  composition  MgO  —  21.  5,  MnO  --  22.  5  and 
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A  diagram  of  an  orthosilicate  binary  system  is  presented  in  Fig.  86. 
Mn^SiO^  identical  with  natural  tephroite,  melts  congruently  at  1345°. 
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Fig.  86.  Phase  diagram  of  partial 
system  MggSiOj  --  Mn2SiC>4  (from 

Glasser  and  Osborn). 


Key: 

a.  Olivine 

b.  Weight  % 


A  phase  equilibrium  diagram  of  MnSiOg  --  MgSiOg,  according  to  Glasser 
and  Osborn  [2],  is  presented  in  Fig.  87.  Rhodonite  solid  solutions  form  a 
continuous  isomorphic  series  from  MnSiOg  to  94.5  weight  %  MgSiOg  at  solidus 
temperatures.  At  a  temperature  of  1300°,  the  rhodonite  solid  solution  contains 
only  78  weight  %  MgSiOg.  During  the  investigation,  the  presence  of  a  very 
narrow,  two-phase  region  (solid  solution  of  high -temperature  enstatite  +  solid 
solution  of  rhodonite)  was  discovered. 
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Fig.  87.  Phase  diagram  of  partial  system  MgSiOg  -- 
MnSiOg  (from  Glasser  and  Osborn):  A.  1595°;  B. 

1557°;  C.D.E.  1538°;  F.G.  1533°;  H.  1425°;  J.K. 

1333°;  L.  1291° 

Key: 

a.  Olivine 

b.  High-temperature  enstatite  solid  solutions 

c.  Rhodonite 

d.  Tridymite 

e.  Enstatite 

f.  Weight  % 


SiOg  gives  two  compounds  with  MnO:  MnSiOg  (1292°)  and  MngSiO^ 
(1345°);  the  latter  is  identical  to  the  Mn-olivine,  tephroite.  MnSiOg  is  not 
isostructural  with  a  single  one  of  the  three  forms  of  MgSiOg  or  with  a  single 
one  of  the  forms  of  CaSiOg. 
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MnSiOg  polymojphism  has  been  studied  by  Liebau  and  colleagues  [3,4], 
according  to  whom  there  are  three  modifications  of  manganese  metasilicate. 
y  MnSiOg  (triclinic)  is  stable  at  room  temperature  and  is  structurally  identical 
to  the  natural  mineral  rhodonite,  which  is  a  five-fold  infinite  chain  of  [SiO^] 
tetrahedra.  At  1160°,  y  MnSiOg  changes  to  the  Q  modification,  which  is  iso¬ 
typic  with  the  natural  mineral  bustamite  (triclinic  crystal  system),  and  the 
latter,  in  turn,  is  close  in  structure  to  wollastonite  (three-fold  chain  of 
silicate  tetrahedra). 

g  MnSiOg  is  a  metastable  phase  at  normal  pressures  and  in  all  tempera¬ 
tures,  and  it  is  isostructural  with  pseudowollastonite. 

X-ray  data  from  Liebau  for  MnSiOg  are  presented  in  the  table. 

LINEAR  PARAMETERS  OF  MnSiOg  MODIFICATION  UNIT  CELLS 


M(UN$uiuiUMI  MhSiOj 


•  l5*l0;|  .«*«.  »»..««««« 
I’on  .ilHT  jp'tpOAHHii  c  19  moji.  ;i  CaSiO,  b 

►SicC* 0,  . .  . 

GycTaMirr  npiiponnuii 
p-l’(>.’Wjcrc)i;ir  npnpoAiiuu  .  .  J  .  .  . 


o,  A 

f-.A 

c,  A 

6.71 

7.6, 

12.3, 

6.63 

7.66 

12.20 

2X8.03 

7.11 

2X6.81 

2X7.73 

7.18 

2X6.02 

7.94 

7.32 

7.07 

a.  MnSiOg  modification 


b.  Natural  rhodonite  with  19  mole  %  CaSiOg 

c.  Natural  bustamite 

d.  Natural  f  wollastonite 


No  manganese  compounds  analogous  to  CagSigO^  or  CagSiOg  have  been 
found  in  the  ternary  system  [1]. 
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CaO  —  MnO  --  Si02 

A  diagram  of  the  ternary  system,  according  to  Glasser  [2],  who  used 

an  atmosphere  with  a  low  oxygen  partial  pressure  to  maintain  manganese  in 

the  divalent  form,  is  depicted  in  Fig.  88.  There  are  three  ternary  liquidus 

minima,  with  the  following  CaO,  MnO  and  SiOg  content  (weight  %):  1.  5.0, 

48.4,  46.6;  2.  17.5,  45.0,  37.5;  3.  15.0,  53.0,  32.0,  and  temperatures  of 

1256,  1195  and  1204°,  respectively. 

Of  the  eleven  crystalline  phases,  six  have  a  variable  composition:  two 

metasilicates,  based  on  £  CaSiOg  and  MnSiOg,  three  orthosilicates,  based  on 

<*Ca2Si04>  Ca2Si04  and  Mn2SiC>4,  and  a  (Ca,  Mn)0  phase.  There  is  no 

Ca^SiOg  in  the  ternary  system  in  contact  with  the  liquid:  it  disappears  at 

t  >  1700°,  as  a  result  of  the  peritectic  reaction  CagSiOg  -f  liquid  — 

cf  (Ca,  Mn)2Si04  +  (Ca,  Mn)0  ■+■  liquid.  Mn2  +  is  concentrated  preferentially, 

in  the  distribution  between  the  existing  phases,  in  the  more  basic  phases. 

2 ■+ 

Ca^SigO^  and  Ca^SiOg  do  not  accept  appreciable  amounts  of  Mn  in  their 
lattices.  Below  1250°,  Ca^SiOg  gradually  (7-10  days)  changes  to  Ca2Si04  and 
(Ca,  Mn)Q  solid  solutions. 
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Fig.  88.  Diagram  of  phase  relations  of  CaO  —  MnO  -- 
SiOg  system  (from  Glasser). 
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Key: 

a.  Two  liquids 

b.  Cristobalite 

c.  Tridymite 

d.  Wollastonite 


e.  Rhodonite 

f.  Tephroite 

g.  Weight  % 


Partial  orthosilicate  profiles  are  presented  in  Fig.  89a  and  b.  A 
glaucochroite  phase  composition,  the  natural  analog  of  which  is  isostructural 
with  olivine,  is  shown  by  the  vertical  dashed  line. 
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Fig.  89.  Phase  diagram  of  partial  system  Ca9SiO 
MngSiO^  (from  Glasser):  a.  complete  diagram; 

b.  region  adjacent  to  Ca2SiC>4. 

Key: 

c.  Tephroite 

d.  Olivine 

e.  Weight  % 
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According  to  Hurlbut  [6],  for  tephroite,  a  =  4.90,  b  =  10.60  and 
c  *=  6.25  A,  and  for  glaucochroite,  a  *  4.92,  b  551  11. 19  and  c  =  6.51  A. 

Of  the  three  orthosilicat »  phases,  y  Ca2Si04,  CaMnSiC>4  and  Mn2Si04, 
the  Matter  two  form  completely  isomorphic  mixtures.  A  large  two-phase 
region  exists  between  ^Ca2Si04  and  the  region  of  olivine  solid  solutions  of 
the  Mn2S104  —  CaMnSi04  type  [1,  3].  With  respect  to  limited  solubility,  these 
data  contradict  the  early  works  of  Greer  [5],  who  observed  a  broader  iso¬ 
morphic  replacement. 

The  high-temperature  form  of  Ca2Si04  includes  20-25  weight  %  Mn2Si04 

2-j¬ 
in  solid  solution  [1, 3],  Mn  ,  replacing  Ca,  stabilizes  the  high-temperature 

form  of  Ca2Si04. 

Goldschmidt  and  Rait  [4],  in  a  reducing  medium,  obtained  manganese 
merwinite,  having  a  perovskite  structure. 


A  diagram  of  the  phase  interrelationships  in  the  partial  system  CaSiOg  -- 
MnSiOg,  according  to  L.  Glasser  [3j,  is  presented  in  Fig.  90.  The  dashed 
line  designates  the  subsolidus  interrelationships  between  johansenite  and 
wollastonite,  which  are  similar  to  those  between  hedenbergite  and  wollastonite. 
Johansenite  synthesis  was  not  successful.  The  upper  limit  of  its  stability 
region  (578°)  is  based  on  data  of  decomposition  of  the  natural  mineral. 

Liebau  and  colleagues  [7, 8],  studying  the  phase  relationships  in  the 
MnSiO^  —  MnCa(SiOg)2  system,  established  the  presence  of  three  types  of 
solid  solutions:  pseudowollastonite,  based  on  MnSiOg,  bustamite,  based  on 
p  MnSiOg  and  rhodonite,  based  on  y  MnSiOg.  In  the  latter,  the  CaL’iOg  content 
is  limited  to  20  mole  %.  The  high-temperature  forms  of  and  ^  MnSiOg  form 
a  continuous  solid  solution  with  CaSiOg.  The  optical  properties  of  the  meta¬ 
silicates  of  the  solid  solutions  have  been  studied  by  Sundius  [9]  and  Voos  [10]. 
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FERROSILICATE  SYSTEMS 
Na20  --  FeO  --  SiOg 

The  system  has  been  studied  by  Carter  and  Ibrahim  [1].  One  ternary 
compound,  melting  incongruently  at  975°,  has  been  found,  which  could  be 
considered  to  be  alkaline  fayalite.  A  phase  diagram  is  presented  in  Fig.  91. 
There  is  a  remarkably  strong  drop  in  the  melting  temperature  (by  several 
hundred  degrees),  upon  addition  of  1  %  NagO  total  to  a  FeO  4-  Si02  mixiure. 

Carter  and  Ibrahim  present  a  number  of  diagrams  of  partied  binary  sys¬ 
tems,  of  which  2Fe0-Si02  --  2Na20*Ri02  (Fig.  92)  and  2Fe0*Si02  --  Na^O- 
Si02  (Fig.  93)  are  not  true  binaries. 

A  phase  coexistence  triangle  (referred  tc  room  temperature),  dividing 
the  diagram  into  seven  phase  triangles,  in  each  of  which  three  phases  are 
present,  is  presented  in  Fig.  94:  in  the  first  triangle,  Fe„3iO.+-  Na„0- 
2Si02*t-  Si02;  in  the  second,  FeO  -f  Na20*2Si02  *4-  Fe2Si04;  in  the  third, 
FeO  *+•  Na20*  FeO*  Si02+  Na20’  2Si02;  in  the  fourth,  Na20*  FeO*  Si02 
NagO*  SiOg-j-  Na20*  2Si02;  in  the  fifth,  NagO*  FeO*  Si02+  2Na20*  Si02  + 
Na^O'SiOg;  in  the  sixth,  FeO  4-2Na20*  Si02  +•  Na20*  FeO-  SiO,,  and,  in  the 
seventh,  FeO  +*  Na20  ■}-  2Na20*  SiOg. 
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Fig.  91.  Phase  diagram  of  NagO  —  FeO  --  Si02 
system;  primary  phases  of  system  (from  Carter 
and  Ibrahim). 

Key:  a.  Weight  % 
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Fig.  92.  Phase  diagram  of  partial  system 
2FeO*SiC>2  --  2NagO*  SiC>2;  system  is  not 

a  true  binary  (from  Carter  and  Ibrahim). 
Key:  a.  Weight  % 


X 


Fig.  93.  Phase  diagram  of  partial  system 
2FeO*SiC>2  —  NagOSiOgj  system  is  not 

a  true  binary  (from  Carter  and  Ibrahim). 


Key: 


a.  Weight  % 
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INVARIANT  POINTS  OF  Na20  --  FeO  —  Si02  SYSTEM 
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Key: 


a.  Points  (Fig.  91) 

b.  Phases 

c.  Process 

d.  Composition,  weight  % 

e.  Temperature,  °C 

f.  Liquid 


g.  Eutectic 

h.  Reactions 

i.  Binary  eutectic 
i.  Same 


k.  Determined  approximately 


Below  500 
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K20  --  FeO  --  Si02 


The  system  has  been  studied  by  Roedder  (1],  in  the  region  encompassing 
compositions  with  the  KgOiSiOg  ratio  <  1:2.  The  melt  contains  Fe2Og,  the 
amount  of  which  reaches  6  weight  %  in  the  region  rich  with  FeO.  Two  teraary 
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compounds  have  been  found:  KgO’  SeO*  3SiOg  and  I^O-  FeO-  5Si02.  A  diagram 
of  the  phase  relationships,  under  conditions  of  equilibrium  with  metallic  iron, 
is  presented  in  Fig.  95.  Crystals  of  I^O-  FeO-  3Si02  form  round,  colorless 
grains,  with  an  average  index  of  refraction  Nm  *=  1.  575  and  birefringence  on 
the  order  of  0.01;  they  melt  without  decomposition  at  approximately  900°. 
Crystals  of  K^O- FeO- 5Si02  form  isotropic,  birefringent  grains,  with  an 
average  index  of  refraction  Nm  --  1.  535.  An  anomalous  interference  color 
with  reddish  and  bluish  tones  sometimes  is  observed.  The  compound  melts 
without  decomposition  at  about  900°. 
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Fig.  95.  Approximate  phase  diagram  of  K^O  --  FeO  -- 
SiOg  system  (from  Roedder);  all  iron  oxides  are  assumed 
to  be  FeO. 


Key: 

a.  Wustite 

b.  Fayalite 

c.  Tridymite 


d.  Cristobalite 

e.  Two  liquids 

f.  Weight  % 
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MgO  --  FeO  --  SiO0 

u 

The  system  has  been  studied  in  detail  by  Bowen  and  Schairer  [4],  by  the 
quenching  method.  The  tests  were  preformed  in  an  iron  crucible  in  a  stream 
of  nitrogen.  Quantitatively,  Fe2Og  reached  2  %  (close  to  Fe2SiC>4).  The 
complete  phase  diagram  of  the  system  is  presented  in  Fig.  96,  from  Osborn  * 

and  Muan  [11],  with  certain  temperature  values  refined.  The  phase  ratios  \ 

for  temperatures  of  1550,  1450  and  1150°,  are  presented  in  Fig.  97.  Phase 
transformations  in  the  system  are  seen  graphically  at  the  points  designated  by 

£ 

letters.  There  is  a  considerable  region  of  phase  separation  of  melts  in  the 
system,  located  close  to  the  silica  apex.  1 

Phase  diagrams  of  the  partial  systems  MggSiO^  —  Fe2Si04  and  MgSiOg  --  j 

"FeSiOg"  are  given  in  Figs.  98  and  99.  The  complexity  of  the  MgSiOo  --  J 


FeSiOg  system  is  caused  by  the  fact  that  pyroxenes  rich  in  magnesium  meta¬ 
silicate  (like  MgSiOg  itself),  melt  with  decomposition  and  liberation  of  a 
forsterite  crystalline  phase.  Pyroxenes  containing  a  large  amount  of  ferrous 
metasilicate  melt,  with  crystallization  of  tridymite  or  cristobalite.  According 
to  Bowen  and  Schairer  ,  at  liquidus  temperatures,  pyroxene  solutions  contain¬ 
ing  at  least  55  mole  %  FeSiOg  can  exist.  At  lower  temperatures,  solid  solu¬ 
tions  containing  up  to  84  mole  %  FeSiGg  become  stable.  Noting  the  prevalence 
of  rhombic  and  not  monoclinic  pyroxenes  of  the  MgSiOg  --  FeSiOg  series  in 
nature,  Bowen  indicates  that  the  latter  are  stable  only  at  high  temperatures, 
and  that  monoclinic  and  rhombic  pyroxenes  are  enantiotropic  forms,  with  an 
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Fig.  97.  Diagram  of  phase  relationships  of  MgO  -- 
’TeO"  --  Si02  system,  for  temperatures  of  1550  (a), 
1450  (b)  and  1150°  (c)(from  Bowen  and  Schairer). 


inversion  range  of  995-1140°.  The  temperature  of  conversion  of  enstatite 


(MgSiOg)  into  clinoenstatite  is  1145°,  and  it  decreases  with  increase  in  ferrous 
oxide  content  in  the  crystal  solution  (Fig.  99).  The  lowest  temperature  995° 


corresponds  to  solid  solutions,  which  are  richest  in  iron  silicate.  A  triple 


eutectic  between  the  olivine,  pyroxene  and  tridymite  fields,  with  a  melting 


temperature  of  1305°,  has  the  composition:  MgO  --  9,  FeO  --  46,  SiOg  --  45 
weight  %.  Sahama  and  Torgeson  [13]  and  Mueller  [7,  8]  have  taken  up  problems 
of  thermodynamic  treatment  of  solid  solutions  in  the  MgO  --  FeO  --  SiOg 
system.  The  indices  of  refraction  of  the  olivine  and  pyroxene  solid  solutions 


are  presented  in  Tables  1  and  2. 
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Fig.  98.  Phase  diagram  of  partial  system  2MgO* 
Si02  --  2FeOSiC>2  (from  Bowen  and  Schairer). 


a.  Olivine 

b.  Weight  ft 


TABLE  1 

INDICES  OF  REFRACTION  OF  Mg2Si04  --  Fe2Si04 
SOLID  SOLUTIONS 


Cocrni,  Btc.V 
Ok  FeiSIO, 


Ng 

Nm 

Nr 

2K» 

.875 

1.864 

i.m 

— 47 

.848 

1.835 

1  ”03 

— 

.307 

1.79* 

1.702 

— 

.752 

1.738 

1.712 

— 

.709 

— 

1.671 

— 

1 .668.3 

1.C507 

i 

! 

l.fVC.'l 

+81 

a.  Composition,  weight  ft  Fe2SiO 
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Fig.  99.  Phase  diagram  of  partial  system  MgSiOg  -- 
"FeSiOg";  in  some  regions  of  the  system,  there  are  no 
true  binaries,  as  a  consequence  of  the  presence  of 
Fe00,,  (from  Bowen  and  Schairer). 


a.  Olivine 

b.  Clinopyroxene 

c.  Cristobalite 

d.  Tridymite 


e.  Rhombic  pyroxenes 

f.  Quartz 

g.  Weight  % 


Akimoto  and  colleagues  [2,  31  have  shown  that,  at  pressures  when  iron 
silicate  becomes  a  stable  phase,  i.e.,  17.4  kbar,  there  is  a  continuous  series 
of  MgSiOg  --  FeSiOg  solid  solutions.  The  pressure  at  which  the  correspond¬ 
ing  Mg-Fe  pyroxenes  form  can  be  calculated  from  the  formula  P  —  109x-92 
kbar  (where  x  is  the  mole  fraction  of  FeSiOg  in  the  pyroxene) .  Thus,  for 
x  —  0.  90,  the  pressure  will  be  6  kbar. 


TABLE  2 

INDICES  OF  REFRACTION  OF  MgSiOg  --  FeSiOg 
SOLID  SOLUTIONS 


Coctm,  ice.'/, 

«  FcSIO, 

""1 

Ng 

A 'm  . 

Np 

2V° 

LlfoOTltOCTb, 

r/cn* 

0 

1.G58 

1.653 

i.GiU 

-f3i 

3.175 

13.2 

1.075 

1.670 

1.066 

+84 

3.29 

25.0 

~1.700 

1.689 

1.082 

-82 

3.37 

47.0 

1.731 

1.728 

1.715 

-63 

3.49 

64.2 

1.739 

1.734 

1.723 

-48 

83.7 

1.763 

1.756 

1 

1.746 

— 

Key: 

a.  Composition,  weight  %  FeSiOg 

b.  Density,  g/cnr 

Ringwood  and  Major  [12]  have  studied  transformation  of  the  solid  solu¬ 
tions  of  the  MgSiOg  --  FeSiOg  series  under  high  pressure  conditions.  Pure 
FeSiOg  at  a  pressure  of  130  kbar  is  transformed  into  FegSiO^  (spinel)  and 
SiC2  (stishovite).  Solid  solutions  with  a  high  FeSiOg  content  (up  to  a  compo¬ 
sition  (MgQ  5FeQ  5)SiOg),  at  a  pressure  of  180  kbar,  is  completely  transformed 
into  a  mixture  of  spinel  4*  stishovite.  With  a  higher  MgSiOg  content,  pyroxene 
is  found,  in  addition  to  spinel  and  stishovite. 

Akimoto  and  Fujisawa  [2]  have  determined  the  maximum  concentration 
of  Fe2SiO^  in  spineli.de  and  olivine  solid  solutions  (Mg,  Fe)2SiO^.  At  a  tem¬ 
perature  of  800°  and  pressures  between  45  and  95  kbar,  the  mole  fraction  of 
FegSiO^  in  the  spinel  phase  equals  0.  73  and,  in  the  olivine,  0.  37. 


Fig.  100.  Phase  relationships  of  partial  system 
Mg2Si04  --  Fe2Si04  at  various  pressures  (from 
Lindsley):  a.  P-t  diagram  for  Fe2Si04;  b.  P 
50  kbar:  c.  P  ~100  kbar;  d.  P  ^>100  kbar; 

Key: 

e.  Degree/ kbar 

f.  Fayalite 

g.  Spinel 

h.  Olivine 

i.  P,  kbar 

j.  Mole  % 
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A  thermodynamic  study  of  the  coexisting  olivine  and  pyroxene  solid 
solution  has  bean  done  by  Nafziger  and  Muan  [9].  According  to  Olsen 
and  Mueller  [10],  an  increase  in  MgSiOg  content  in  the  solid  solution  reduces 
the  equilibrium  pressure  for  the  reaction  forming  rhombic  pyroxene  (Mg,  Fe)SiOg 
from  fayalite  and  quartz. 

Phase  equilibrium  constants  for  the  system  are  introduced  by  Kern  and 
Weisbrod  [5]. 

Berezhnoy  [1]  produced  only  a  provisional  triangulation  of  the  system, 
assuming  the  coexistence  of  FeO  and  MggSiO..  as  well  as  ot  Fe„Si04  and 
MgSiOg. 


BIBLIOGRAPHY 


1.  Berezhnoy,  A.  S. ,  Trudy  Ukr. 


>v.  No.  6,  1962,  p.  5. 


2.  Akimoto,  Sh. ,  H.  Fujisawa,  Earth  Planetary  Sci.  Lett. ,  1,  No.  4,  237, 

1966. 

3.  Akim^.r,  Sh. ,  H.  Fuiisawa,  T.  Katsura,  Y.  Ida,  J.  Geoohys.  Res. ,  70, 

No.  20,  5269,  1965. 

4.  Bowen,  N.  L.,  J.F.  Schairer,  Amer.  J.  Sci. ,  (5),  29,  No.  170,  151,  1935. 

5.  Kern,  M.R.,  M.A.  Weisbrod,  Thermodynamique  de  base  pour  roineralogistes, 
petrographes  et  geologues  [Basic  Thermodynamics  for  Mineralogists, 
Petrographers  and  Geologists],  Paris,  i964. 

6.  Lindsley,  D.  H. ,  Carnegie  Inst.  Washington  Year  Book,  65,  226,  1965-1966. 

7.  Mueller,  R.F.,  Geochim.  cosrr.ochim.  acta,  25,  No.  4,  287,  1961. 

8.  Mueller,  R.F.,  Mineral.  Magaz.,  33,  No.  266,  1015,  1964. 

9.  Nafziger,  R.H. ,  A.  Muan,  Amer.  Mineralogist,  52,  No.  9-10,  1364,  1967. 

10.  Olsen,  E.,  R.F.  Mueller,  J.  Geol. ,  74,  No.  5,  pt.  1,  620,  1966. 

11.  Osborn,  E.  F. ,  A.  Muan,  in:  E.M.  Levin,  C.R.  Rohbms,  E.  F.  McMurdie, 
Phase  diagrams  for  ceramists,  USA,  Columbus,  fig.  682,  1964. 


-  151  - 


12.  Ringwood,  A.  E. ,  A.  Major,  Earth  Planetary  Sci.  Lett. ,  1,  No.  5,  351, 
1966. 


13.  Sahama,  Th.G. ,  D.  R.  Torgeson,  J.  Geol. ,  57,  No.  3,  255,  1949. 


CaO  —  FeO  —  SiO„ 


The  initial  data  on  the  system  were  obtained  by  Konstantinov  and 
Selivanov  [3].  The  system  has  been  studied  in  detail  by  Bowen  and  colleagues 


[5, 16].  Three  ternary  compounds  have  been  found:  2CaO*  FeO*  2Si02, 


ferruginous  ockermanite;  CaO*  FeO*  SiOg,  ferruginous  monticellite  or 
kirsteinite;  CaO*  FeO*  2Si02,  hedenbergite.  The  results  of  Bowen  and  col¬ 
leagues  are  presented  in  the  form  of  three  partial  systems:  CaSiOg  —  CaFeSiO^ 
(Fig.  10'),  CaSi03  —  "FaSi03''  (Fig.  102)  and  Ca2Si04  —  Fe23i04  (Fig.  103). 
Solid  solutions  rormed  between  the  following  compounds:  hedenbergite  and 
ferruginous  monticellite,  ferruginous  monticellite,  fayer’te  (2FeO- SiOg)  and 
dicalcium  silicate  (2CaO*  Si02) ,  hedenbergite  and  wollastonite  (CaO-SiOg) 
and  hedenbergite  and  iron  metasilicate  ("FeSiOg"). 


a-CaSiOj*^  \  *  p 


a-CaSiOj  '■C<ire5;<\ 


p-raSiOj+CareSiQ^ 


B-CaiiiK  -  ’  liial1  icJ’Mi, 
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Fig.  101.  Phase  tut  gram  of  partial  system  CaO*SiO„  -- 

_  r\ .  m  tt*  «  ...  i  i  i ^  ™ 


CaO*FtO*Si02  (from  Bowen  and  colleagues). 


Key. 


a.  Weigh*  % 
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Fig.  102.  laase  diagram  of  partial  system 
CaOSiC>2  --  "FeOSiOg"  (from  Bowen  and 
colleagues). 


Key: 


a.  Cristobalite 

b.  Wollastonite 

c.  Tridymite 

d.  Olivine 

e.  Hedenbergite 

f.  Weight  % 
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Phase  diagrams  for  the  par-tied  systems  2CaO*Si02  --  FeO  and  CaO" 
FeO-  Si02  —  FeO,  obtained  by  Allen  and  Snow  [4],  are  introduced  in  Figs. 

104  and  105.  The  data  of  other  authors  were  taken  in  plotting  these  diagrams. 

A  complete  phase  diagram  of  the  CaO  --  "FeO"  —  SiOg  system,  plotted 
by  Osborn  and  Muan  [15],  taking  account  of  work  performed  up  to  1960,  is 
presented  in  Fig.  106. 
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Fig.  103.  Phase  diagram  of  calcium -iron 
olivines  2CaO*  SiO„  —  2FeO*  SiO„  (from 
Bowen  and  colleagues).  " 

Key: 

a.  Olivines 

b.  Weight  % 

c.  Amount  of  Fe2C>3  in  liquid  at 
liquidus  temperature,  weight  % 


Lindsley  and  Munoz  [11],  in  studying  the  partial  system  CaFeS^Og  -- 
FeSiOg,  obtained  data  introducing  certain  additions  to  the  diagram  of  proposed 
by  Bowen  and  colleagues.  The  authors  directed  attention  to  the  reaction. 
FeSiOg-ricb  hederbergite +•  FeSiOg-poor  hedenbergite  ~  fayalite  (olivine)  4" 
quartz  (or  tridymite).  Tht  positions  of  the  lines  characterizing  the  equilibrium 
of  this  reaction  is  shown  in  Fig.  107. 

Lindsley  and  colleagues  [10]  have  studied  the  hedenbergite  solid  solution 
(hedenbergi*e  clinopyroxcne)  --  wcilastonite  solid  solution  inversion,  as  a 
function  of  pressure.  Data  on  the  quartz -tridymite  inversion  were  taken  from 
Kennedy  and  colleagues  [8J. 
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Fig.  104.  Phase  diagram  of  partial  system 
2CaO*  wiOg  FeO  (from  Allen  and  Snow; 
curve  A,  from  Osborne  and  Muan). 

Key: 

a.  Amount  of  Fe„0„  in  liquid,  weight  % 

b.  Wustite 

c.  Weight  % 

Lindsley  [9]  has  studied  the  phase  transformations  of  hedenbergite 
CaSiOg*  FeSiOg,  as  well  as  the  solid  solutions  of  the  latter  with  ferrosillite 
(FeSiO.,),  under  high  pressure  conditions.  The  results  obtained  for  hedenbergite 

«5 

are  presented  in  Fig.  108.  The  tests  were  conducted  under  conditions  of 
equilibrium  with  metallic  iron,  and  the  presence  of  FegOg  was  disregarded. 

A  phase  diagram  of  the  CaFeSigOg  --  FeSiOg  system,  for  a  pressure  of  15 
kbar,  is  presented  in  Fig.  109.  The  phases  which  are  stable  at  high  pressures 
(over  10  kbar)  are  pyroxenoid  and  clinopyroxene.  | 
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Fig.  105.  Phase  diagram  of  partial  system 
CaO-FeO  SiC^  --  FeO  {from  Allen  and  Snow; 
curve  A  from  Schairer) . 


a.  Amount  of  Fe9Oq  in  liquid,  weight  % 

b.  Wustite  J 

c.  "FeO"  in  ternary  system,  weight  % 


Lindsley  and  Munoz  [12]  have  studied  the  subsolidus  region  of  the  system 
Ca0  5QFeo  50^i(^3  FeSi03»  under  conditions  of  reduced  (2  kbar  and  below) 
and  increased  (20  kbar)  pressures.  At  20  kbar,  two  coexisting  pyroxenes, 
orthopyroxene  and  clinopyroxene,  were  found  as  independent  phases.  Ortho¬ 
pyroxene  has  the  approximate  composition  95  mole  %  FeSiOs4-  5  mole  % 
CaSiOg.  The  composition  of  clinopyroxene  under  high  pressure  conditions 
is  variable,  and  it  changes  from  60  mole  %  FeSiOg-b  40  mole  %  CaSiOg  at 
800°  to  92  mole  %  FeSiOg  *b  8  mole  %  CaSiO,  at  950°. 
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Fig.  106.  Phase  diagram  of  CaO  --  "FeO"  --  SiO„  j 

system  (from  Osborn  and  Muan).  ^ 

Key:  i 

a.  Two  liquids  f.  Olivine  { 

b.  Cristobalite  g.  Lime  1 

c.  Tridymite  h.  Wustite  \ 

d.  Pseudowollastonite  i.  Weight  %  \ 

e.  Wollastonite  \ 

\ 

4 

* 
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Fi^.  107.  Phase  diagram  of  partial  system 
CaFeSigOp  --  FeSiOg:  B.m.p.  wollastonite 
solid  solution;  P.  m.p.  hedenbergite  solid 
solution;  1.  from  Bowen  and  colleagues; 

2.  from  Ernst  (on  the  basis  of  hydrothermal 
tests);  3.  from  Lindsley  and  Muan. 

Key: 

a.  Tridymite 

b.  Olivine 

c.  Mole  % 


Myer  and  Lindsley  [14]  have  determined  the  optical  properties  of  solid 
solutions  of  the  CaQ  5FeQ  gSiOg  --  FeSiOg  profile,  synthesized  at  pressures 
of  20  kbar  and  higher,  which  permitted  reaching  pure  FeSiOg.  Lindsley 
and  colleagues  [13]  have  determined  the  unit  cell  parameters  of  solid  solutions 
of  the  hedenbergite  (CaQ  5FeQ  gSiOg)  --  ferrosillite  (FeSiOg)  profile, 
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Fig.  108.  P-t  diagram  for  hedenbergite 
(from  Lindsley). 


a.  Wollastonite 

b.  Hedenbergite 

c.  P,  kbar 


Bas'yas  [1,2]  proposes  considering  the  compound  Ca3Fe(SiC>4)2  (a 
merwinite  analog),  in  the  Ca2SiC>4  --  Fe2Si04  series  of  solid  solutions.as  a 
chemical  individual  with  a  melting  temperature  of  1250°. 


Wyderko  and  Mazanek  [17]  have  studied  the  index  of  refraction,  density 


and  microhardness  of  solid  solutions  of  the  isomorphic  series  Ca2SiC>4  — 
FegSiO^  (up  to  a  content  of  59  weight  %  Ca2Si04).  The  indices  of  refraction 
decrease  from  values  Ng  =  1.  880,  Nm  =  1.  868,  Np  **■  1.  830  (for  pure 
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Fig.  109.  Phase  diagram  of  partial  system 
hedenbergite  —  ferrosillite,  for  15  kbar 
pressure  (from  Lindsley):  K  quartz;  KP 
clinopyroxene;  O  olivine;  P  pyroxenoid. 


Key: 

a.  Mole  % 


FegSiO^  to  Ng  =  1.  732,  Nm  =  1. 720  and  Np  —  1.  685  for  the  solid 
solution  containing  58. 18  weight  %  CagSiO^;  the  density  decreased  corre- 

3 

spondingly  from  4.  29  to  3. 40  g/cm  . 

Johnson  and  Muan  [7],  using  data  in  the  literature,  plotted  an  approxi¬ 
mate  schematic  diagram  of  the  phase  ratios  (coexisting  phase  triangles)  of  the 
CaO  --  FeO  —  SiOg  system  at  1080°  (Fig.  110).  The  authors  determined  the 
activity  of  the  components  in  the  solid  solutions  of  the  system  at  1080°  (study 
of  the  equilibrium  ratios  of  CC^iCO  in  the  presence  of  metallic  iron). 
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Fig.  110.  Diagra.:  of  phase  relationships  of  CaO 
FeO  --  SiOg  system,,  in  subsolidul  region  at  1080° 

(from  Johnson  and  Muan). 

Key: 

a.  Wollastonite 

b.  Olivine 

c.  Weight  % 
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a.  Compound 

b.  Crystal  system 

c.  Ferruginous  ockermanite 

d.  Ferruginous  monticellite 

e.  Hedenbergite 

f.  Tetragonal 
%.  Rhombic 
h.  Monoclinic 
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ZnO  --  FeO  --  Si02 

The  first  study  of  the  system  was  made  by  Chizhikov  and  colleagues  [3], 
The  authors  note  the  presence  of  trivalent  iron  in  the  melt.  Ternary  com¬ 
pounds  were  not  found. 

Dobrotsvetov  and  colleagues  J.1,2],  carrying  out  the  melting  in  sealed 
iron,  crucibles,  plotted  an  approximate  phase  diagram  of  the  partial  system 
ZngSiO^  —  FegSiO^.  It  is  seen  from  Fig.  Ill  that,  at  high  temperatures,  a 
continuous  series  of  solid  solutions  forms  and  that,  at  decreased  temperatures 
of  850-900°,  decomposition  of  them  takes  place.  The  dashed  lines  indicate 
the  approximate  nature  of  the  diagram  in  th*s  region.  At  low  temperatures, 
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two  soHi  solution  regions  exist  in  the  ZrigSiC^  --  Fe2SiO^  system:  1.  a 
willemite  base,  with  from  0  to  27  weight  %  Fe2SiO^  content  and  2.  a  fayalite 
base,  with  from  0  to  25  weight  %  ZngSiO^  content. 
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Fig.  111.  Phase  diagram  of 
partiai  system  Z^SiO^  -- 
Fe^SiO^  (from  Dobrotsvetov 
and  colleagues). 


a.  Weight  % 


TK  refraction  of  wiilemito  increases  significantly  with  inclusion  oi 
iron  in  its  structure,  from  Ne  =  1.717  dr  0.001  and  No  -  1.696  i  0.001  for 
pure  v,illemite  t.o  Ne  —  1.  745  —  o.  002  and  No  —  1. 715 i  0.001,  with  a  27 
weight  %  Fe^SiO^  content  in  the  solid  solution.  With  inclusion  of  zinc  in  the 
fayalite  structure,  the  index  of  refraction  of  the  latter  decreases  noticeably. 
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MnO  —  FeC  --  SiOg 

The  system  has  been  studied  by  a  number  of  investigators  [1-7,9, 10]. 

A  three-dinu.ns3onal  model  of  the  phase  diagram  of  the  ternary  system,  from 
the  data  of  Hay  and  colleagues  [5, 10],  is  presented  in  Fig.  112.  The  region 
of  two  immiscible  liquids  is  seen  -v/.ll  nere,  as  well  as  the  trough- shaped 
depression  descending  from  the  rhodonite-tephrolite  eutectic  (^OS*)  to  the 
fayalite-Si02  eutectic  (1178°). 


Fig.  112.  Three-dimensional  model  of  MnO  -- 
FeO  --  SiC2  system  (from  Hay  and  colleagues). 

Key:  a.  Weight  % 
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A  phase  diagram  of  the  MnO  -  FeO  --  SiOg  system,  according  to 
Maddocks  [6],  is  introduced  in  Fig.  113.  The  triple  eutectic  has  the  com¬ 
position  FeO  — 50,  MnO  —  20  and  SiOg  —  30  weight  %  and  a  temperature  of 
1170°.  The  composition  FeO  --  36,  MnO  --  36,  SiOg  —  28  weight  %  corresponds 
to  the  point  of  the  ternary  pseudocompcund  knebelite,  which  enters  the  solid 
solution  region  aud  is,  as  Maddocks  thinks,  tephrolite  saturated  with  faya- 
lite. 


Fig.  Ii3.  Phase  diagram  of  MnO 
system  (from  Maddocks). 

Key: 

a.  Two  liquids 

b.  Grunerite 

c .  Rhodonite 

d.  Tephroite 

e.  Fayalite 

f.  Knebelite 

g.  Weight  % 


FeO  --  SiO„ 
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A  possible  diagram  of  the  partial  system  ^FeO'SiOg"  --  MnOSiO^,  i 

according  to  White  [10],  is  given  in  Fig.  114.  Since  pure  FeSiO^  does  not  ] 

exist,  tridymite  and  olivine  are  distinguished  in  the  left  side  c£  the  protile 
instead  of  it. 


t 
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Fig.  114.  Hypothetical  phase  diagram  of 
partial  system  "FeOSiCV  --  MnO*  Si02 
(from  White). 

Key: 

a.  Cristobalitc 

b.  Tridymite 

c.  Olivine 

d.  Rhodonite 

e.  Weight  % 


A  phase  diagram  for  the  orthosilicate  profile,  according  to  Carter  et  a) 
is  presented  in  Fig.  115.  Fayalite  and  tephrolite  form  a  continuous  series  of 
solid  solutions.  Judging  from  this  diagram,  knebelite  should  be  one  of  the 
members  of  the  solid  solution,  and  not  an  independent  compound.  However, 
the  temperatures  of  the  start  and  end  of  melting  of  the  solid  solutions  in  this 
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system  are  difficult  to  determine  accurately;  therefore.  Carter  et  al  accept  | 

a  modified  phase  diagram  for  the  orthosilicate  profile.  j 

\ 

i 


*c 


Fig.  115.  Phase  diagram  of  partial  system 
2FeO*SiC>2  —  2  MnO*  SiOg  (from  Carter  and 
colleagues). 

Key: 

a.  Fayalite-tephroite  eolid  solution 

b.  Weight  % 


Scimar  [91.  applying  the  laws  of  thermodynamics  to  the  existing  data  in 
the  literature  for  the  FeO  --  MnO  --  SiOg  sjstcnj,  determined  the  shape  and 
position  of  the  isoactivity  curves  of  FeO,  MnO  and  SiOg  in  this  system,  which 
is  important  for  study  of  the  equilibrium  between  liquid  steel  and  slag. 

Riboud  and  Muan  [7]  have  studied  the  phase  ratios  in  the  2FeO*  SiOg  -- 
FeO*  SiOg  —  MnO*  SiOg  --  2MnO*  SiOg  region  and  the  iron  oxide  ("FeO")  -- 
MnO*  SiOg  system,  by  the  quenching  method,  under  strongly  reducing  conditions, 
in  a  mixture  of  gases  consisting  of  euual  parts  oi  COg  and  H.,.  The  liquidus 
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Fig.  116.  Diagram  of  phase  ratios  for  FeO' 
5102  r,.0.O'SiO2  profile  (from  Riboud  and 

Muan). 

Key: 

a.  Tridymite 

b.  Olivine 

c.  Rhodonite 

d.  Weight  % 


and  solidus  temperatures  of  the  majority  of  the  mixtures  studied  were  between 
1173  and  1345°.  A  diagram  of  the  phase  ratios  for  the  FeO'  Si02  --  MnO* 
SiOg  profile  is  given  in  Fig.  116.  The  diagram  in  Fig.  117  represents  a 
projection  of  the  liquidus  surface  of  part  of  the  FeO  --  MnO  --  Si02  system 
in  a  C02  and  H2  (1:1)  atmosphere.  Fig.  118  illustrates  the  phase  ratios  for 
a  series  of  isothermal  sections  in  the  FeO  —  MnO  --  Si02  system,  in  an 
atmosphere  of  a  mixture  of  C02  and  H2  (1:1). 

Cameron  [2]  has  plotted  an  equilibrium  diagram  of  the  oxygen  potentials 
in  the  Fe  --  Mn  —  Si  --  O  system  at  1600°. 
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Fig.  117.  Phase  diagram  of  part  of  FeO  -- 
MnO  —  SiC>2  system  in  at  atmosphere  con¬ 
taining  COg  and  H2  in  a  1:1  ratio  (from 
Riboud  and"  Mu  an) . 


a.  Tridymite 

b.  Rhodonite 

c .  Olivine 

d.  Manganowilstite 

e.  Weight  % 


Schwerdtfeger  and  Muan  [8],  determining  the  CO/ COg  equilibrium  ratio 
in  the  gas  phase,  coexisting  with  a  system  of  oxides  and  metallic  iron,  found 
the  activity  of  the  components  of  the  olivine  (FegSiO^  --  MngSiO^)  and  pyroxenoid 
(FeSiOg  --  MnSiOg)  solid  solutions. 


-  170  - 


'  "  -  •  ^i-SMSaSSA 


, K**a* w?- 


Fig.  118.  Phase  relationships  in  FeO  --  MnO  --  SiC>2 
system,  in  an  atmosphere  containing  CC>2  and  H2  in  a 
1:1  ratio  (from  Riboud  and  Muan):  a.  1170°,  b.  1240°, 
c.  1300°;  T.  tridymite,  R.  rhodonite  solid  solution, 

O.  olivine  solid  solution,  MW.  manganowustite  solid 
solution;  1.  T  4-  liquid,  2.  T  4-  R  +  liquid,  3.  T  4“  R, 

4.  R  +•  liquid,  5.  R  4"  O  4" liquid,  6.  R  4“  O, 

7.  O  4-  liquid,  8.  MW  4"  liquid,  9.  O  +MW  4-  liquid, 
10.  O  4- MW;  I.  T  4- liquid,  II.  O  4- liquid.  III.  MW  4- 
liquid,  IV.  O  -j-  MW  4"  liquid,  V.  O  -+■  MW. 


Key: 

d.  Weight  % 


/ 
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COBALT  SILICATE  SYSTEMS 
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MnO  --  CoO  —  Si02 

The  presence  of  three  series  of  solid  solutions  is  characteristic  of  the 
system:  (Mn,  Co)0,  (Mn,  Co^SiO^  and  (Mn,  ColSiOg.  Biggers  and  Muan  [1] 
have  investigated  the  "activity-composition"  for  the  orthosilicate  and  meta¬ 
silicate  solid  solutions  at  1200  and  1 250°  (study  of  equilibria  in  the  presence 
of  metallic  cobalt  and  a  gas  phase  of  a  known  oxygen  potential).  The  authors 
present  a  schematic  phase  diagram  for  1200°  (Fig.  119). 

A  partial  MngSiO^  --  COgSiO^  section  is  characterized  by  a  continuous 
series  of  solid  solutions.  The  solid  solutions  in  the  MnSiO^  --  CoSiO^  section 
are  limited,  since  CoSiOg  is  unstable  at  normal  pressure. 
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Fig.  119.  Diagram  of  phase  relationships 
of  MnO  --  CoO  —  SiOg  system  in  the  sub- 
solidus  region  at  1200°  (from  Biggers  and 
Muan) . 

Key: 

a.  Mole  % 
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NICKEL  SILICATE  SYSTEMS 


MgO  --  NiO  --  SiC>2 

The  system  has  been  partially  studied  by  Grigor'yev  [1,2],  Dilaktorskiy 

/ 

[3,4]  and  Ringwood  [7],  According  to  Grigor'yev,  forsterite  (Mg2Si04)  dis¬ 
solves  8.  52  weight  %  Ni23i04,  and  enstatite  (MgSiOg)  dissolves  11.8  weight 
%  NiSiOg.  According  to  Dilaktorskiy,  NiSiOg  is  included  in  the  solid  solution 
of  clinoenstatite  (MgSiOg)  in  the  amount  of  12-15  weight  %  and  of  diopside 
)  (CaMgSigOg),  up  to  15-18  weight  %,  and  Mg  and  Ni  olivines  form  a  continuous 
series  of  solid  solutions. 

An  approximate  diagram  of  the  Ni2S,C>4  --  Mg9SiC>4  partial  system  ob¬ 
tained  by  Ringwood  is  depicted  in  Fig.  120;  the  components  form  a  continuous 
series  of  solid  solutions.  Between  50  weight  %  Ni2Si04  +  50  weight  % 
Mg2Si04  and  100  weight  %  MggSiC^,  the  system  is  truly  binary,  with  type  I 
Roseboom  melting.  Between  50  weight  %  Ni2Si04  “1”  50  weight  %  Mg^Si' 
and  100  weight  %  Ni^SiC^,  the  olivine  solid  solutions  melt  incongruently,  with 
release  of  NiO.  Within  these  limits, the  three-phase  field  exists  above  the 
solidus,  in  which  NiO  and  solid  solutions  of  Ni2Si04  --  Mg2Si04  are  in  equi¬ 
librium  with  the  liquid.  Within  these  limits  ,  the  composition  of  the  liquid 


Fig.  120.  Phase  diagram  of  partial  system 
Ni2Si04  --  Mg2Si04  (from  Ringwood). 

I  )  Key: 

a.  Olivine 

b.  Mole  % 

phase  is  not  determined  from  the  diagram.  The  upper  boundary  of  the  NiO 
\  field  is  determined  only  provisionally  (dashed  line),  as  a  consequence  of 

absorption  of  nickel  by  the  platinum  -  rhodium  heater  at  high  temperatures. 

The  indices  of  refraction  (Ng  and  Np)  change  linearly,  as  a  function  of 
the  composition  of  the  Ni2SiO^  --  MggSiO^  solid  solutions  (mole  %).  Some 
small  deviations  from  the  rectilinear  curve  is  explained  by  sample  ncnuniform- 
ity. 

Hayashi  and  Naka  [6],  studying  the  MgO  --  CoO  --  NiO  --  Si02  system, 
note  limited  solubility  of  NiSiOg  in  MgSiOg,  reaching  up  to  15-20  mole  % 
i  NiSiOg. 
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Fig.  121.  Diagram  of  phase  relationships 
of  MgO  --  NiO  --  SiC>2  system  in  the  sub- 
solidus  region  at  1400°  (from  Campbell  and 
Roedder):  The  figures  are  values  of  log 
fQ  for  equilibrium  between  nickel  and  the 

condensed  phase. 


Key: 

a.  Pyroxene 

b.  Silica 

c .  Olivine 

d.  Weight  % 


Campbell  and  Roedder  [5],  annealing  a  mixture  of  MgO,  NiO  and  SiOg 
at  1400°,  observed  (besides  silica)  three  types  of  solid  solutions:  between  MgO 
and  NiO,  between  MggSiO^  and  NigSiO^  and  a  pyroxene  solid  solution  (Fig.  121). 

Schwab  [8]  showed  that,  by  means  of  rapid  quenching  of  a  melt  from  a 
♦emperature  of  1600-1650°,  pyroxene  of  a  yellow  color  can  be  obtained. 


t 

< 
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containing  50  mole  %  iS/iSiO^.  Crystals  of  MgNiSigOg,  of  the  monoclinic 
crystal  system,  had  Ng  =  1.731,  Nm  =  1.728,  Np  —  1.719,  2V  =39°. 

)  The  MggSi^Og  -  -  MgNiS^CL  partial  system,  accoj'ding  to  Schwab,  is  pre¬ 
sented  in  Fig.  122.  The  stability  temperature  of  rhombic  mangesium -nickel 

9 

enstatite  increases  in  increase  in  NiSiOg  content,  i.  e. ,  the  Ni"  +•  ion  favors 
the  rhombic  structure:  the  maximum  thermal  stability  is  achieved  at  a  12.  5 
mole  %  NiSiOg  content.  Below  this,  a  quantity  of  rhombic  enstatite  changes 
to  (2  ciinoensta*ite,  and  dissociation  into  olivine  and  cristobalite  takes  place 
above.  For  conversion  of  pure,  rhombic  MgSiOg  into  f  clinoenstatite,  a 
temperature  of  1140°  is  obtained  by  extrapolation.  The  protoenstatite  region 
,  of  the  solid  solutions,  expanding  somewhat  vith  increase  in  temperature,  is 
limited  to  a  content  of  5  mole  %  NiSiOg  over  all,  above  which  this  modification 
is  not  found.. 
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Fig.  .  122.  Phase  diagram  of  partial  system 
Mg.,Si,,Oc  --  MgNiSi0Oc  (from  Schwab): 

PE  protoenstaiite,  KE  clinoenstatite,  E 
enstatite,  O  olivine,  Kr  cristobalite. 

Key; 

a.  Mole  % 
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Schwab  notes  a  considerable  region  of  coexistence  of  pyroxene  and 

2  4-  2~\~ 

amphibole;  the  distribution  factor  of  Ni  and  Mg  in  the  coexisting 
pyroxene  --  olivine  association  depends  on  the  temperature  and  oxygen  partial 
pressure  (the  corresponding  data  are  introduced). 
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CaO  --  NiO  --  Si02 

In  study  of  the  system,  Biggar  [1]  used  coagel,  precipitated  from  a  mixed 
solution  of  calcium  and  magnesium  nitrates  and  ammonium  tetraethyl  silicate. 
Samples  were  annealed  at  1340,  1390,  1475  and  1550°,  in  platinum  capsules, 
and  they  were  quenched  in  water.  The  phase  diagram  presented  in  Fig.  123 
was  obtained  by  extrapolation  from  data  for  the  four  temperatures  indicated. 
The  phase  relationships  for  1340  and  1475°  are  shown  in  Fig.  124. 
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Fig.  123.  Approximate  phase  diagram  of 
CaO  --  NiO  --  SiC>2  system  (from  Biggar), 

Key: 

a.  Olivine 

b.  Mole  <7 
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Fig.  124.  Diagram  of  phase  relationships  in 
CaO  --  NiO  --  Si02  system  (from  Biggar): 
a.  1340°,  b.  1475°;  O.  nickel  olivine- 
N.  pseudowollastonite. 


c.  Niopside 

d.  Olivine 

e.  Mole  % 
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The  existence  of  the  ternary  compound  CaNiSigOg,  first  described  by 
Gjessing  [2],  has  been  comfirmed.  Biggar  considers  this  compound  to  be  an 
analog  of  diopside,  ana  he  calls  it  niopside.  The  compound  CaNiSi04  (monti- 
cellite  analog),  as  Santoro  and  Newnham  have  already  pointed  out  [3],  does 
not  exist  in  the  system. 

Biggar  introduces  a  small  niopside  field  in  the  figure,  noting  that  the 
four  ternary  melting  reactions  observed  here  take  place  in  the  1340-1360° 
range.  Niopside  CaNiSigOg  coexists  with  SiOg,  CaSiOg,  NigSi04  and  NiO. 
Nickel  monoxide  coexists  in  the  subsolidus  region  with  CaSiO,,  CaoSi00„ 
and  Ca0SiO.. 
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BOROSILICATE  SYSTEMS 
LigO  --  B0Oa  --  Si09 

The  system  has  been  studied  by  Sastry  and  Hummel  [1,2],  by  the  quench 
ing  method  and  by  means  of  carrying  out  solid  state  reactions.  Three  partial 
eutectic  systems  are  presented,  with  indication  of  the  composition  and  melting 
temperature  cf  the  eutectics:  LigO-  SiO,,  —  Li20-  B209  20  weight  % 

Li20  Si02,  810  ±  4*'),  Li20-  Si02  --  LigO-  2B,,03  ( —  40  weight  %  Li2<>  Si02, 
787  ill  4°),  Li20*2Si02  --  Li20-2B203  (~  50  weight  %  LigO  2Si02>  770  ±4°) 
and  the  SiC>2  --  La20’2B203  system  (Fig.  125).  The  existing  phases  are  pre¬ 
sented  in  the  triple  diagram  (Fig.  126),  but  the  fields  of  the  separate  compounds 
are  only  partially  and  approximately  outlined.  Ternary  compounds  are  not 
noted.  A  quite  extensive  region  of  immiscible  liquids,  studied  by  Sastry  and 
Hummel  (2),  is  observed. 
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Fig.  125.  Phase  diagram  oi  partial  system 
Si Og  --  LigO'  2B203  (from  Sastry  and  Hummel). 

Key: 

a.  Two  liquids 

b.  Tridymite 
.  Quartz 

.  Weight  % 
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Fig.  120.  Diagram  of  phase  relationships  of  LigO  -- 
B203  —  SiOg  system  (from  Sastry  and  Hummel). 

Key: 

a.  Two  liquids 

b.  Weight  % 
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NagO  —  SiC>2 

The  system  has  been  studied  by  Morey  [2]  by  the  quenching  method.  He 
encompassed  the  region  with  a  Na20  content  below  50  weight  %.  The  existence 
of  one  ternary  compound,  the  composition  Na20*  B2Og*  2Si02,  melting  at  766°, 
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like  danburite  (CaO*  BVC>3*  2SiC>2),  has  been  established.  The  field  of  the  ternary 
compound  is  not  plotted  in  Fig.  127;  it  is  possible  that  it  is  located,  in  the 
form  of  a  narrow  strip,  along  the  boundary  separating  the  Na20  B2C>3  and 
S’02  phases.  This  compound  could  be  obtained  hydrotherm  ally,  by  heating 
glass  of  a  composition  Na20*  2SiC>2  with  boric  acid  in  a  bomb  at  500°. 
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Fig.  127.  Phase  diagram  of  Na20 
system  (from  Morey). 


"  B2°3 


-  Si0o 


Key: 


a.  Quartz 

b.  Tridymite 

c.  Weight  % 


The  paicial  system  Na?0*  4B203  —  SiOg  also  was  studied  by  Rockett 
and  colleagues  (3J;  the  data  for  it  are  preser  ted  in  F:.g.  128.  According  to  the 
latter  authors,  the  eutectic  in  this  binary  system  is  at  730°,  instead  of  675° 
according  to  Morey. 
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Fig.  128.  Phase  diagram  of 
partial  system  Na20*4B2C>3  -- 
Si02  (from  Rockett  and  colleagues). 


£  Cristobalite 

b.  Tridymite 

c.  Quartz 

d.  IVo  liquids 

e.  Weight  % 


Morey  did  not  find  separation  of  the  liquid  phases  in  the  system. 

Rockett  and  colleagues  found  a  metastable  liquation  in  examination  of  glass 
of  the  Na20*  4E20„  --  SiOg  profile.  The  glasses  were  kept  for  a  long  time 
(up  to  50  hours)  at  a  temperature  a  little  below  the  liquidus  curve,  then  they 
were  quenched  and  examined  under  the  electron  microscope.  The  metastable 
liquation  region  is  shown  in  Fig.  128.  At  the  maximum,  the  Si02  content  is 
60-70  weight  %,  temperature  755°. 
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Tishura  [1],  as  a  result  of  thermodynamic  calculations  of  the  isobaric 
potentials  of  formation  of  the  compound  in  the  system,  obtained  a  coexisting 
U  phase  triangle  in  the  subsolidus  region.  All  eight  fields  in  the  diagram  are 
three-phase. 


INVARIANT  POINTS  OF  Na20  --  B203  --  SiOg  SYSTEM 
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Sasaki  and  colleagues  [4]  studied  the  effect  of  pressures  up  to  1000  kgf/ 

2 

cm  on  phase  separation  of  the  glasses  (metastabie  liquation  under  nonequilib¬ 
rium  conditions),  containing  60  and  70  mole  %  Si02  and  from  2.5  to  10.0  mole 
%  Na20.  A  decrease  in  im miscibility  temperature  always  was  observed  with 
increase  in  temperature. 
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MgO  --  B203  --  Si02 

The  system  has  been  studied  by  Kuzel  [1]  by  the  quenching  method.  Ternary 
compounds  were  not  found.  A  broad  region  of  immiscibility  of  the  liquids  is 
characteristic.  The  fields  of  cristobalite.  protoenstatite  and  magnesium 
pyroborate  are  overlaid  by  the  region  of  immiscibility  of  the  melts.  There  also 
should  be  a  B-jO^  crystallization  field.  The  phase  diagram  of  the  system  is 
presented  in  Fig.  129.  Kuzel  determined  compositions  of  the  separating  liquids. 
As  two  examples,  we  present  the  composition  of  the  coexisting  liquids  for  two 
initial  mixtures,  one  rich  in  boron  oxide  and  the  other  rich  in  silica.  With  the 
initial  composition  MgO  --  18.0,  B2Og  --  77.0  and  SiOg  --  5.0  weight  %,  the 
heavy  melt  has  the  composition  MgO  --  34.5,  B^O^  --  63.  2,  Si02  --  2.  3  weight 
%;  the  light  melt  MgO  --  0.6,  B9Og  --  91.9,  SiOg  --  7.5  weight  %;  the  tem¬ 
perature  of  the  coexisting  liquids  is  1180°.  With  the  initial  composition 
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MgO  —  13.0,  B203  --  13.0,  Si02  -  69.0  weight  %,  the  heavy  melt  has  the 
composition  MgO  -  37.  6,  BgOg  -  20.  2,  SiOg  -42.2  weight  %;  the  light 
melt,  MgO  -  8.5,  B203  -  9.0,  Si02  -  82.  5  weight  %;  the  temperature  of 
the  coexisting  liquids  is  1300°. 
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Fig.  129.  Phase  diagram  of  MgO 
system  (from  Kuzel). 
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INVARIANT  POINTS  OF  MgO  --  B203  --  Si02  SYSTEM 
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Key; 

a. 

Points  (Fig.  129) 

h. 

Peritectic 

b. 

Phases 

i. 

In  equilibrium  with  2  liquids 

c. 

Process 

j. 

Monotectic 

d. 

Composition,  weight  % 

k. 

Same 

e. 

Temperature,  °C 

1. 

In  equilibrium  with  1  liquid  at 

f. 

In  equilibrium  with  1  liquid 

temperature  maximum  points 

g- 

Eutectic 
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Liquid 

BIBLIOGRAPHY 

1.  Kuzel,  H.J.,  Neues  Jahrb.  Mineral. ,  Abh. ,  100,  No.  3,  322,  1963. 


-  190  - 


The  system  has  been  studied  by  Flint  and  Wells  [2].  A  phase  diagram 
of  the  system  is  presented  in  Fig.  130.  Two  ternary  compounds  were  found: 
CaO*  BgOg*  2Si02  and  5CaO  B^Og*  SiOg.  The  first  of  them  corresponds  to  the 
natural  mineral  danburite;  synthesis  of  this  compound  from  dry  melts  is  un¬ 
successful,  but  it  can  be  obtained  hydrotherm  ally.  Upon  heating  to  1002°,  it 
melts,  with  formation  of  two  immiscible  liquids. 


Fig.  130.  Phase  diagram  of  CaO  --  BgOg  --  SiOg 
system  (from  Flint  and  Wells). 

Key; 

a.  1  liquid 

b.  2  liquids 

c.  Solid  solutions 

d.  Weight  % 
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Of  a  large  number  of  partial  binary  systems  between  various  calcium 
borates  and  silicates  studied,  only  the  2CaO*  BgOg  --  CaOSiOg  system  is 
truly  binary,  i.  e. ,  it  does  not  contain  compounds  other  than  those  specified. 
Morey  and  Ingerson  [4]  studied  the  region  of  the  system  in  which  phase  sepa¬ 
ration  of  the  liquids  is  observed.  In  the  phase  separation  region  in  Fig.  131, 
tie  lines  are  plotted  on  the  basis  of  experimental  determinations  of  the  over¬ 
all  composition  (points  1)  and  the  composition  of  the  separated  layers  (points  2), 
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Fig.  131.  Liquid  phase  separation  region  in  CaO  — 
BgOg  —  SiOg  system  (from  Morey  and  Ingerson): 

1.  composition  by  synthesis  (for  initial  mixtures); 

2.  composition  by  analysis  of  separated  liquid  layers. 


a.  1  liquid 

b.  2  liquids 

c.  Danburite 

d.  Weight  % 


The  compound  -2CaO  Si02  dissolves  considerable  quantities  of  CaO 
BgOg,  2CaO*  BgOg  and  5CaO*  BgOg*  SiOg.  The(f  -»  ^  conversion  temperature 
of  dicalcium  silicate  (an  actual  solid  solution)  decreases  in  this  case,  from 


1420°  for  pure  2CaO*  SiO  to  1230°. 
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Tishura  [1]  introduces  a  diagram  of  phase  coexistence  triangles,  in 
plotting  which  he  used  thermodynamic  data. 


TABLE  1 


CRYSTALLINE  PHASES  OF  CaO  —  BgOg  —  Si02  SYSTEM 
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a.  Compound 

b.  Appearance 

c.  Optical  sign 

d.  Polysynthetic  twins,  grains 

e.  Varies 

f.  Danburite 

g.  Rhomuic  prisms 


Mircea  [3]  has  studied  the  partial  system  3 CaO’ Si 02  --  BgOg,  heating 
the  corresponding  mixture*  in  the  1000-1600°  temperature  range.  The  BgOg 
content  reached  4%.  Separation  of  free  CaO  and  formation  of  a  solid  solution 
in  the  2CaO*  SiOg  —  5CaO‘  BgO^-  SiOg  series,  the  limiting  composition  of 
which  depends  on  temperature,  was  observed. 


TABLE  2 


INVARIANT  POINTS  OF  CaO  —  BgO,  —  SiOg  SYSTEM 
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Key: 


a.  Points  (Fig.  130) 

b.  Phases 

e.  Process 

d.  Composition,  weight  % 
e  Temperature,  °C 

f.  Liquid 

g.  Eutectic 

h.  Reaction 

i.  Melting 

j .  Solid  solution 
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BaO  --  B203  —  Si02 

The  system  has  been  studied  by  Levin  and  Ugr'nic  [5]  by  the  quenching 
method.  A  phase  diagram  with  isotherms  applied  is  presented  in  Fig.  132. 
Coexisting  phase  triangles  are  plotted  in  Fig.  133.  The  ternary  compound 
3BaO*  3B203*  2SiOg,  melting  without  decomposition  at  1009°,  has  been  deter¬ 
mined  in  the  system.  Solid  solutions  forming  between  2 BaO-  3Si02  and  BaO* 
2Si02  extend  into  the  three-component  portion  of  the  diagram.  The  region 
shown  by  crosshatching  in  Fig.  132  should  be  considered  to  be  a  solid  solution 
of  silicates  (3 BaO-  3Si02  and  BaO*  2Si02)  with  barium  borosilicate  3BaO* 
3B203*2Si02. 

Irnmiscibility  (liquation)  in  the  BaO  --  B203  --  SiOg  system  has  been 
studied  in  greater  detail  by  Levin  and  Cleek  [4],  The  critical  liquation  line 
is  the  peak  of  the  oblong  "hill,  "  represented  in  Fig.  134.  This  line  passes 
approximately  parallel  to  the  B203  --  Si02  side,  and  the  coordinates  of  the 
extreme  points  are  1225°  on  the  BaO  —  BgOg  s^e  weight  %  BaO)  and  1405° 
at  a  content  of  BaO  --  18  weight  %,  BgOg  --  10.  5  weight  %  and  Si02  --  71.5 
weight  %.  A  vertical  profile  through  the  critical  irnmiscibility  line  is  represent¬ 
ed  in  Fig.  134a.  Extrapolation  of  this  line  in  the  direction  of  the  BaO  --  SiOg 
system  permits  the  metastable  liquation  position  in  this  binary  system  to  be 
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Fig.  132.  Phase  diagram  of  BaO  —  B2®3  —  SiO,  system 
(from  Levin  and  Ugrinic);  melting  temperatures  of  in¬ 
variant  points:  A.  810  ±  10°;  B.  875  ±  5°;  C.  875  ±  5°; 
D.  920  ±  10°;  E.  950  ±20°;  F.  825  ±  10°;  G.  980  ±  5°; 

H.  925  ±  10°;  I.  962  ±  10°;  J.  1370°;  K,  L.  815  ±  10°; 

M.  450°. 

Key: 

a.  Cristobulite 

b.  Tridymite 

c.  Solid  solutions 

d.  Two  liquids 

e.  Weight  % 
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Fig.  133.  Fhase  coexistence  triangles  of 
BaO  —  B90„  —  SiO«  system  (from  Levin 
and  Ugrimc) . 

Key: 

a.  Two  immiscible  liquids 

b.  Mole  % 

found  (see  Fig.  !34b).  Lines  characterizing  immiscibilily  for  isopleths  with 
a  22.  5  weight  %  BaO  content  are  presented  in  Fig.  134c.  The  primary  crystal¬ 
lization  field  of  silica  is  intersected  by  these  lines  at  1395°  and  a  content  of 
68  weight  %  SiOg. 

Phase  separation  of  the  liquids  in  the  system  has  been  studied  by  Gerth 
and  Rehfeld  [2J.  At  a  certain  low  concentration,  a  section  has  been  found 
in  which  several  liquation  regions  in  a  row  exist.  The  number  of  these  regions 
is  equal  to  the  number  of  phases  in  the  system.  This  interesting  phenomenon 
requires  further  checking. 
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liquid  immiscibility  region  (from  Levin  and 
CJeeJO;  see  text  for  explanation. 


O  Key: 

d.  Cristobalite 

e.  Tridymite 

f.  Two  liquids 

g.  Weight  % 


Glasses  form  easily  over  an  extensive  region  of  the  system,  and  they 
have  been  studied  by  Hamilton  and  colleagues  [3], 
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INVARIANT  POINTS  OF  BaO  --  BgOg  --  SiOg  SYSTEM 
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Key: 

a.  Points  (Fig,  132) 

b.  Phases 
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e.  Temperature,  °C 

f.  Liqoid 
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n.  Reactions 
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j.  Two  liquids 
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ZnO  --  BgOg  --  SiOg 

An  approximate  phase  diagram  of  the  system,  according  to  Ingerson 
and  colleagues  [l],is  presented  in  Fig.  135.  An  extensive  region  ox  separation 
of  two  immiscible  liquids  is  characteristic.  A  curve  representing  tie  compo¬ 
sition  of  the  lighter  liquid  (curve  L2>  actually  should  be  located  closer  to  the 
B203  --  SiC>2  line  (ZnO  content  should  be  less  than  1  weight  %). 
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Fig.  135.  Phase  diagram  of  ZnO  --  B20„  -- 
SiO„  system  (from  Ingerson  and  colleagues). 

Key: 

a.  Two  liquids  c.  Willemite 

b.  Layer  of  two  liquids  d.  Weight  % 
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A12°3  B2°3  ““  Si02 

The  system  has  been  studied  roughly  by  Gielisse  and  Foster  [2],  Ternary 
compounds  have  not  been  found  (Fig.  136).  A  continuous  series  of  solid  solu¬ 
tions,  also  studied  by  Kim  and  Hummel  [31  (Fig.  137),  apparently  exists  be¬ 
tween  the  binary  compounds  3A12C3*  2Si02  and  9A1203*  2B2Og.  The  AlgO^, 
3A1203*  2Si02,  2A1203*  BgOg  and  Si02  fields  are  indicated  approximately  in 
the  diagram  of  Gieli-se  and  Foster  (Fig.  136),  but  a  solid  solution  field  was 
not  noted. 


Fig.  136.  Approximate  diagram  of  phase 
relationships  of  AlgOg  --  B2C>3  --  SiC>2 

system  (from  Gielisse  and  Foster). 

Key: 

a.  Weight  % 
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Fig.  137.  Approximate  phase  diagram  of 
partial  system  9A1203*2B203  --  3A1203* 

2Si02  (from  Kim  and  Hummel). 

Key: 

a.  Corundum 

b.  Weight  % 


Dietzel  ana  Scholze  [1]  have  determined  the  index  of  refraction  of  the 
silica-rich  glasses  of  the  system. 
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The  system  has  been  studied  by  Geller  and  Bunting  [1]  and  by  Johnson 
and  Hummel  [2],  One  ternary  compound  5PbO*  BgOg*  SiOg,  melting  with 
decomposition  at  551®  and  formation  of  2PbO-  SiOg  and  liquid,  has  been  estab¬ 
lished. 

Geller  and  Bunting  found  a  region  of  solid  solutions  between  5  PbO*  BgOg* 
SiOg  and  4PbO*  BgOg  (or  PbO).  Crystals  of  5PbO*  B203*  SiOg  are  prismatic 
in  shape,  in  the  rhombic  crystal  system;  2V  is  practically  equal  to  0;  the 
optical  sign  is  negative,  Ng  =  2. 085  i  o.  005,  Np  =  2.04  —  0.  005.  in  forma¬ 
tion  of  a  solid  solution,  the  index  of  refraction  increases,  reaching  up  to  2. 12. 


Fig.  138.  Phase  diagram  of  PbO  --  BgO.,  —  Si02  system 
(from  Johnson  and  Hummel);  a.  PbO-rich'"’ region,  b.  general 
charaotex'istics  of  the  system. 


Key: 

c.  Quartz 

f.  Two  liquids 

d.  Cristobalite 

g.  Weight  % 

e.  Tridymite 
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Johnson  and  Hummel  [2]  have  studied  the  portion  of  the  system  which 
is  rich  in  PbO,  and  also  have  studied  phase  separation  (liquation)  of  the  liquid 
phase.  The  region  adjacent  to  the  PbO  apex  is  presented  in  Fig.  138a.  An 
extensive  region  of  phase  separation  of  the  melt  is  shown  in  Fig.  138b,  which 
encompasses  the  entire  system.  The  region  adjacent  to  the  silica  apex  en¬ 
compasses  metastable  liquation.  The  authors  accomplished  mechanical  sepa¬ 
ration  of  the  immiscible  liquids  (in  the  region  poor  in  silica,  where  stable 
liquation  is  present),  with  the  aid  of  a  high-temperature  centrifuge,  and  they 
determined  the  composition  of  the  lead-rich  and  lead-poor  liquids.  With  an 
overall  content  of  30  weight,  %  PbO,  there  was  35-40  weight  %  PbO  in  the  lead 
rich  lr  *'er  and  15-20  weight  %  PbO  in  the  lead-poor  layer. 

INVARIANT  POINTS  OF  PbO  —  BgO,  —  SiOz  SYSTEM 
(from  Geller  and  Bunting) 
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2.4 
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o 

Key:  a.  Phases 

b.  Process 

c.  Composition,  weight  % 

d.  Temperature,  °C 
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f.  Liquid 

g.  Reactions 

h.  Eutectic 
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ALUMINOSILICATE  SYSTEMS 


Li20  -  A1203  -  Si02 


The  system  has  been  studied  by  Hatch  [10],  R.Roy  and  Osborn  [21], 


R.  Roy,  D.  Roy  and  Osborn  [22],  Murthy  and  Hummel  [19],  Galakhov  [1], 


Eppler  [8]  and  others.  Hatch  studied  the  partial  system  Li, O’  AlgOg  — 

SiOg,  within  which  the  figurative  points  of  the  ternary  compounds  petalite 
LigO*  AlgOg- 8Si02,  spodumene  LigO*  AlgOg*  4Si02  and  eucryptite  LigO' 

AlgOg*  2Si02  are  located.  However,  crystallization  of  petalite  (just  like  the 
compound  LigO*  AlgOg’  6SiC>2)  from  the  melt  does  not  take  place,  and  the 
following  phases  are  indicated  in  Fig.  139:  1.  silica  (in  the  tridymite  form); 
2.  f  spodumene  *  (and  the  solid  solutions  based  on  it);  3.  p  eucryptite  (and 
the  solid  solutions  based  on  it);  4.  lithium  aluminate  LigO'  AlgOg  (and  the 
solid  solutions  based  on  it);  and  5.  yAlgOg.  From  pure  Si02  Jo  64.  6  weight 
%  SiC>2  (the  composition  of  p  spodumene),  the  system  has  a  binary  character, 
and  it  consists  of  fields  of  silica  and  solid  solutions  of  the  spodumene  type, 
with  a  eutectic  between  them  at  84.  5  weight  %  Si02,  melting  at  1356°. 


Here,  p  spodumene  (just  like  ft  eucryptite)  is  the  high-temperature  form. 
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P  spodumene  has  a  distinctly  expressed  temperature  maximum  at  1423°. 
Between  64.  6  and  47.  7  weight  %  SiOg  (the  eueryptite  composition),  the  system 
also  is  of  a  binary  nature  above  the  solidus  line,  anu  it  is  divided  into  # 
spodumene  and  ft  eueryptite  solid  solution  fields.  With  a  lower  silica  content 
the  system  completely  loses  its  binary  nature,  and  y  alumina  ari  eueryptite 
solid  solutions  are  observed  as  the  crystallization  products. 
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Fig.  139.  Phase  diagram  of  partial  system  Li90*Al90„ 
SiOg  (from  Hatch). 


a.  Alumina 

b.  Spodumene 

c.  Eueryptite 

d.  Tridymite 

e.  Weight  % 


The  alumina  apex  of  the  system  has  been  studied  by  Galakhov  [1].  A 
large  field  of  high-alumina  lithium  aluminate  LigO-  5AlgOg,  called  y  alumina 
(  y'AlgOg),  has  been  determined  here.  The  corundum  field  is  a  narrow  strip. 
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and  its  boundary  with  the  y  alumina  field  has  been  determined  approximately 
(dashed  line).  The  boundary  between  the  y  alumina  and  lithium  aluminate 
Li00*  A100„  fields  begins  at  the  eutectic  point  of  the  binary  system  Li?0 
A1203  —  AlgOg  (Fig.  140).  Galakhov,  just  like  Hatch,  notes  the  existence 
of  LigO*  AlgOg  base  solid  solutions.  In  proportion  to  entry  of  alumina  into  the 
LigO*  A1203  lattice,  the  index  of  refraction  decreases. 
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Fig.  140.  Phase  diagram  of  LigO  —  AlgOg  — 
SiOg  system;  apex  adjacent  to  alumina  (from 
Galakhov) . 


Key: 


a.  Weight  % 


Murthy  and  Hummel  [19]  have  investigated  the  partial  system  lithium 
metasilicate  (LigSiOg)  --  eucryptite,  using  the  quenching  method.  The  sys¬ 
tem  is  a  simple  binary,  with  a  eutectic  containing  57  weight  %  eucryptite  and 
melting  at  1070°  (Fig.  141). 
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Fig.  141.  Phase  diagram  of  partial 
system  LigO*  SiOg  —  LigOAlgOg* 

2SiC>2  (from  Murthy  and  Hummel). 
Key: 

a.  Weight  % 
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Fig.  142.  Phase  diagram  of  partial 
system  LigO-  SiOg  —  Li^O-  AlgOg* 

4Si02  (from  Roy  and  Osborn). 

Key: 

a.  Spodumene 

b.  Weight  % 
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Roy  and  Osborn  [21]  have  studied  the  partial  system  lithium  metasilicate  — 
P  ^podumene  (LigO*  Al2Og*  4Si02).  This  system  turned  out  to  be  a  simple 
eutectic.  The  eutectic  with  45.4  weight  %  LigSiOg  melts  at  1026°  (Fig.  142). 


) 

Fig.  143.  Phase  diagram  of  portion  of  partial  system 
LigO*  AlgOg*  2Si02  --  Si02  (high  temperature  portion 

from  Hatch,  low  temperature,  from  Roy,  Roy  and 
Osborn) . 

Key: 

a.  Tridymite 

b.  Spodumene 

c.  Eucryptite 

d.  Quartz 

e.  Petalite 

f.  Weight  % 
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Fig.  144.  Phase  diagram  of  partial  system  Li90*  S\09 
LigO*  AlgOg* 4Si02  —  Si02  (from  Roy  and  Osborn). 

Key: 

a.  Cristobalite 

b.  Tridymite 

c.  Spodumene 

d.  Weight  % 


R.  Roy,  D.  Roy  and  Osborn  (22]  have  described  a  section  of  the  L^O* 

AlgOg  —  SiOg  system  (from  LigO’-AlgOg*  2SiOo  on  the  Si02  side)  in  the  eub- 

solidus  region.  The  minerals  were  synthesized  under  hydrothermal  conditions, 

2 

at  a  pressure  of  about  700  kgf/cm  .  Petalite,  which  is  stable  btlow  680",  was 
synthesized  under  these  conditions.  The  transition  temperature  of  high-temper¬ 
ature  spodumene  to  the  low-temperature  turned  out  to  be  500°  (Fig.  143). 

Roy  and  Osborn  have  plotted  a  phase  diagram  of  the  ternary  system 
LigO’SiO^  --  LigO*  AlgOg*  4Si02  --  SiOg  (Fig.  144).  The  following  are  pre¬ 
sented  for  the  two  eutectic  points:  1.  melting  temperature  980°,  composition 
SiOg  39.2  weight  %,  spodumene  26  weight  %  and  lithium  metasilicate  34.8 


fariV&wiXhnu.  1 1  -fi^Tn  — rfi  lif . fn saga 


Fig.  145.  Schematic  phase  diagram  of  Li20  - 
A1203  Si09  system  (from  Roy  and  Osborn). 

Key: 

a.  Cristobalite 

b.  Tcidyrr.ite 

c.  Spodumene 

d.  Mullite 

e.  Weight  % 


weight  2.  975°,  composition  lithium  metasilicate  39.2  weijt^it  fo,  Si02 
28.2  weight  %  and  spodiunene  32.  6  weight  %.  The  complete  Li20  —  AlgOg  ” 
SiOg  diagram  io  presented  schematically  in  Fig.  145. 

In  examining  the  series  of  solid  solutions  in  the  LigO*  AlgO^  --  Si02 
system,  Roy  (20]  distinguishes  an  O  series  ("silica  O").  a  K  series,  an 
"<X  LiAlSi2C^nseries  and  a  "fit  LiAlSiOg"  series,  which  are  presented  * 
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Fig.  146.  Schematic  phase  diagram, 
showing  types  of  solid  solutions  in 
LiAlOg  --  Si02  system  (from  Roy). 


a.  Tridymite 

b.  Series 

c.  Stable  at  1200° 

d.  Altunina 

e.  "Alumina  K"  series 

f.  "Alumina  O"  series 

g.  Metastable,  with  exception  of  solid  line  sections 

h.  Petalite 

i.  Spodumene 


j.  Eucryptite 


schematically  in  Fig.  146.  The  "silica  O"  series  extends  from  eucryptite 
(LiAlSiO^)  in  the  direction  of  silica,  and  it  is  characterized  by  a  d  quartz 
type  structure.  Henglein  [11]  has  demonstrated  that  the  quartz -like  type  of 
structure  can  be  brought  into  being  over  a  wide  range,  from  pure  quartz  to 
eucryptite  propei. 

The  "K  series,  "  i.  e. ,  spodumene  solid  solutions,  are  characterized  by 
the  tetragonal  structure  inherent  in  kitite,  and  it  extends  from  LigO’  A^O^* 


4SiC>2  in  the  direction  of  silica. 
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The  transformation  of  4.  eucryptite  to  ft  eucryptite  (from  Winkler) 

(26, 27]  is  observed  at  972  i  10°. 

Behruzi  and  Hahn  [7]  demonstrate  that,  under  appropriate  conditions  of 
crystallization  of  eucryptite  glass,  besides  known  modifications,  two  more 
modifications  can  be  obtained,  monoclinic  and  triclinic. 

Skinner  and  Evans  [24,  25]  >a^  e  carried  out  a  monocrystal  X-ray  in¬ 
vestigation  of  ft  spodumene  and  its  solid  solutions. 

Urazov  and  colleagues  [6]  have  studied  the  <t  fift  transformation  of 
spodumene,  using  the  natural  mineral. 

Kolesova  [4],  just  like  Ignat'yeva  [2],  on  the  basis  of  study  of  che  infrared 
spectra  of  <X  and  ft  spodumene,  assert  that  a  change  in  the  coordination 
number  of  aluminum  takes  place  during  the  transition  of  Of  spodumene  to  ft 
spodumene:  a  transition  from  six-fold  coordination  (in  cf  spodumene)  to  four¬ 
fold. 

Kondrat'yev  [5]  explains  the  difference  in  high -temperature  and  low- 
temperature  eucryptite  by  the  hypothesis  of  change  in  degree  of  diso  der  in 
substitution  of  the  [SiO^]  and  (AlO^J  tetrahedra.  He  gives  a  similar  interpre¬ 
tation  to  explain  the  existence  of  three  forms  of  spodumene  of  different  prop¬ 
erties.  Some  properties  of  high-temperature  lithium  aluminosilicate's  are 
reported  in  Table  1. 

Saalfeld  [23]  has  studied  the  thermal  conversions  of  natural  petalite. 

Slow  heating  of  natural  petalite  to  1200°  leads  to  formation  of  the  <X  -L^O' 
AlgOg*  6SiC>2  phase. 

Kalinina  and  Filipovich  [3]  and  Eppler  [8]  have  shown  that,  depending  on 
the  crystallization  temperature  of  aluminosilicate  glasses,  metastable  solutions 
can  be  distinguished. 

-  214  - 


i 


| 

1 

I 

i 

j 


i 

t 

i 

i 

\ 

< 


l 

( 

X 

| 


o 


(  > 


Isaacs  and  Roy  [13]  have  studied  the^f  p  inversion  of  eucryptite  as 
a  function  of  pressure. 

Munoz  [17]  has  studied  polymorphism  of  lithium  aluminosilicate,  with  the 
general  formula  LigO*  AlgOg^SiOg,  under  high  pressure  conditions,  taking 
his  investigation  up  to  40  kbar,  and  he  has  observed  three  phases,  whi^h  are 
variable,  but  apparently  close  to  the  formula  indicated:  1.  normal  high  - 
temperature  ^  spodumene,  melting  at  1429  ^  i<»j  according  to  new  data; 

2.  a  mineral  of  the  pyroxene  group,  forming  at  high  pressures,  called  simply 
"spodumene"  by  Munoz;  3.  in  the  intermediate  region  between  the  two  com¬ 
pounds  mentioned,  a  phase  was  observed  which  Munoz  calls  "p  eucryptite 
solid  solution,  "  but  he  ascribes  the  chemical  formula  to  it  characteristic  of 
spodumene;  this  phase  has  a  structure  which  is  characteristic  of  high-temper¬ 
ature  quartz. 

A  phase  diagram  of  lithium  aluminosilicate  LigO- AlgOg- 4Si02  is  pre¬ 
sented  in  Fig.  147.  The  possibility  of  obtaining  the  eucryptite  solid  solu¬ 
tion"  at  pressures  above  10  kbar,  both  from  crystalline  $  spodumene  and  from 
the  "spodumene"  stable  at  high  pressure,  was  tested  experimentally.  In  accord¬ 
ance  with  the  molar  volume  valuer  of  the  eucryptite  solid  solution"  and 
^  spodumene,  77.32  and  78.31  cm  /mole,  respectively,  an  increase  in  pressure 
facilitates  stabilization  of  p  eucryptite,  at  the  expense  of  0  spodumene. 

^  spodumene  melts  congruently  at  a  pressure  of  8.  5  i  0.  5  kbar  and  a  temperature 
of  1400°;  at  higher  pressures,  incongruent  melting  takes  place,  with  formation 
of  the  eucryptite  solid  solution"  and  liquid.  The  presence  o.  a  two-phase 
region  was  demonstrated  by  special  tests,  in  which  the  initial  materials  were 
f  spodumene  or  "^eucryptite  solid  solution.  "  The  two-phase  region  was  not 
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Fig.  147.  Phase  relationships  for  lithium 
aluminosilicate  Li., O'  Al9Oo‘  4SiO„  (from 
Munoz).  "  1  6 

Key: 

i  \ 

^  _ '  a.  Eucryptite 

b.  Spodumene 

c.  Pressure,  kbar 

precisely  outlined,  but  it  extends  to  low  temperatures  and  to  pressures  less 
than  5  kbar.  Munoz  conducted  special  tests,  to  precisely  define  the  location 
of  the  boundary  between  "^eucryptite  solid  solution"  and  "spodumene"  which, 
by  extrapolating  this  boundary  to  one  atmosphere,  permitted  the  stability 
temperature  of  spodumene  under  normal  conditions  to  be  found.  This  tempera.- 
,  ture,  depending  on  the  apparatus  used,  was  between  520  and  395°. 
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Fig.  148.  Metustable  liquation  (phase 
separation)  of  LigO  Si02  --  L^O- 
AlgOg-ASiOg  —  SiOg  system  glasses 
(from  Marinov  and  Rf.dcnk'va-Janeva). 

Munoz  [18]  has  synthesized  hexagonal  solid  solutions  (called  £  quartz) 
of  the  LiAlSigOg  —  SiOg  series,  at  a  pressure  of  15  kbar  and  a  temperature 
of  1350°,  which  turned  out  to  be  stable  up  to  1500°  and  pressures  of  10-20  kbar. 

Li  Chi-tang  and  Peacor  [15]  discuss  three  polymorphic  forms  of  spodumene: 
a  low -temperature,  monoclinic  or  form  (natural  spodumene),  a  high-tempera¬ 
ture,  tetragonal  ^  form  and  a  hexagonal  y  form,  similar  in  structure  to  high- 
temperature  quartz.  The  authors  propose  designating  these  modifications  in 
the  following  manner:  LiAlSigOg-I,  LiAlSigOg-II  and  LiAlSigOg-in.  In  a 
detailed  structural  study,  Li  Chi-tang  and  Peacor  demonstrated  that  LiAlSi5Ofi-II 
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is  a  derivative  of  kitite.  The  structure  of  LiAlSigOg-III  was  studied  by 
Li  Chi-tang  [14],  who,  noting  a  very  small  (Si,  Al)-Li  distance,  gave  an 
explanation  of  the  small  coefficient  of  thermal  expansion  of  spodumene. 

TABLE  3 

INVARIANT  POINTS  OF  ALUMIN\-RICH  REGION 
OF  Li20  --  A1203  --  Si02  SYSTEM 

(from  Galakhov) 


‘i-AL0,+Y-Al,0,+3Ali0j-2Si01l-!Kii,v  Peaxipin 

KOCTI*  a 

1-Alt0,+p-Li20-Al,0,-2Si0.  TSPp.UJii  » 

pacmop  -f 3Al,0,  -2SiO,  +;KUAKocn»  C- 
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a. 

Phases 

e. 

Liquid 

b. 

Process 

f. 

Reactions 

c. 

Composition,  weight  % 

g. 

Solid  solution 

d. 

Temperature,  °C 

Gillery  and  Bush  [9]  measured  the  thermal  expansion  and  contraction  of 

pure  high-temperature  @  eucryptite.  The  coefficient  of  thermal  expansion 

"6 

parallel  to  the  C  axis  turned  out  to  be  c(  —  17.  6*  10  and  perpendicular  to 
the  C  axis  c(  —  8.21- 10  ®. 

For  glasses  of  the  partial  system  LigO-SiOg  --  LigO*  AlgOg' 4SiOg  -- 
SiOg,  metastable  liquation  (phase  separation)  is  characteristic.  Marinov  and 
Radenkova-Janeva  [16]  subjected  glass  to  heat  treatment  (they  varied  the 
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holding  temperature  and  time),  and  they  observed  the  phase  separation  phe¬ 
nomenon  by  electron  microscope.  The  liquation  region,  in  the  form  of  a 
dome  cross  section,  is  presented  in  Fig.  148.  A  critical  point  on  the  surface 
of  the  phase  separation  space  is  a  temperature  of  950°  and  composition  LigO  — 
12.45  mole  %,  Si02  --  87.55  mole  %. 
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Na20  --  AlgOg  --  Si02 

The  ternary  compounds  in  the  system  are  the  common  natural  alum  i  no - 
^  silicates  Na20*Al203*  2Si02  (nephelite,  carnegieite),  NagO*  Al203*4SiC>2 
(jadeite)  and  NagO*  AlgOg*  6Si02  (albite).  Aluminosilicates  richer  in  alkalis 
have  been  obtained  synthetically. 

Two  ternary  compounds  result  from  crystallization  of  melts,  NagO*  A1903* 
6Si09  (albite)  and  NagO’  AlgO^*  2S-Og  (eai-negieite).  Jadeite  is  not  obtained 
from  the  melt  by  crystallization. 

The  first  studies  of  the  system  were  limited  to  study  of  ce  rtain  partial 
profiles.  Tilley  [36]  studied  the  partial  system  I'agO  SiCo  --  I'&pOAigO,* 
2Si02  (Fig.  149)  and  NagO  2SiOg  -  ■  NagO*  AlgOg*  23i02  (simple  eutectic)  and 
^  the  partial  ternary  system  Na2<>  SiOg  --  Na^O  2SiC9  --  Na^G- AlgO,’  iSiOgj 
Greig  and  Barth  [15]  plotted  a  phase  diagram  of  the  nephelite-  albite  system 
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(Fig.  150).  The  sodium  metasilicate  --  nephelite  pseudobinary  eutectic  sys¬ 
tem,  according  to  refined  data  of  Spivak[35],  has  a  eutectic  containing  46.  75 
weight  %  NagO’  AlgOg*  2SiOg,  melting  at  902°.  The  phases  in  this  system  are 
Nao0*Si0«  and  nephelite;  solid  solutions  were  not  found.  As  a  result  of  entry 
of  Nag O*  Si00  into  the  carnegieite  lattice,  the  temperature  of  transformation 
of  nephelite  to  carnegieite  is  reduced  from  1250  to  1163°.  Galakhov  [2]  has 
precisely  determined  the  location  of  the  boundary  between  the  mullite  and 
corundum  fields  on  the  triple  diagram . 
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Fig.  149.  Phase  diagram  of  partial 
system  Na2G*  SiC>2  --  Na20*Al2C>3* 
SiOo  (from  Tilley). 

Key: 

a.  Carnegieite 

b.  Nephelite 

c.  Weight  % 


Schairer  and  Bowen  [32]  proposed  the  first  variant  of  the  system  in  1947 
and,  in  1956,  gave  a  refined,  detailed  phase  diagram  [33].  Osborn  and  Muan 
[23],  based  on  the  data  of  Bowen  and  Schairer  and  introducing  several  more 
'  additions,  gave  a  more  complete  diagram  in  1960  (Fig.  151). 
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Fig.  150.  Phase  diagram  of  partial  system  nephelite 
(Na20-  A1203-  Si02)  —  albite  (Na20-  AlgCy  6Si02) 

(from  Greig  and  Barth). 


a.  Carnegieite 

b.  Nephelite 

c.  Albite 

d.  Weight  % 


Up  to  the  present  time,  the  position  on  the  diagram  of  the  high-aluminf 
compound  alumina,  "  of  composition  Na20  llAlgO^  (according  to  the  data  of 
some  authors,  Na2<>  12  AlgO^),  has  not  been  ascertained.  Schairer  and  Bowen 
do  not  present  this  compound  on  their  diagram.  Pablo-Galan  and  Foster  [24] 
propose  that  the  alumina"  field  should  be  located  along  the  "corundum  -- 
carnegieite"  boundary  line.  The  point  at  which  the  corundum,  f  alumina  and 
carnegieite  fields  meet  should  then  be  not  a  eutectic,  but  a  reaction  point. 

The  partial  system  Na20*  AlgOg*  6SiC>2  --  SiOg  is  a  simple  eutectic,  with 
a  eutectic  containing  68.  5  weight  %  NagO'  AlgOg*  6Si02  and  melting  at  1062  ±  3°. 

-  224  - 


Fig.  151.  Phase  diagram  of  Na20  --  AlgOg  --  3iG2 
system  (from  Osborn  and  Muan). 

Key: 


a. 

Cristobalite 

f.  Nephelite 

b. 

Tridymite 

g.  Corundum 

c. 

Quartz 

h.  Carnegieite 

d. 

Albite 

i.  Alumina 

e. 

Mullite 

j.  Weight  % 

Formation  of  solid  solutions,  the  structures  of  which  have  been  studied 
by  Donnay  and  colleagues  [13],  is  characteristic  of  the  Na20‘ AlgOg-  23i02  -- 
)  SiOg  system.  Roy  and  colleagues  [30],  under  increased  pressure  conditions, 
obtained  a  solid  solution  at  550°,  with  the  structure  of  tridvmite  at  a  10  mole  % 
SiO«  content. 


The  partial  system  Na2<>  AlgOg*  6Si02  —  Na20*2SiC>2  also  is  a  simple 
eutectic;  the  melting  temperature  of  the  eutectic  is  767  —  3°,  and  the  compo¬ 
sition,  Na20*  A1203*  6Si02,  C8  weight  %.  This  system  is  not  binary,  since  the 
connecting  line  intersects  the  Na20*  2Si02  and  Na20’ AlgOg'  6Si02  fields.  The 
NazO*  Si.02  and  albite  phases  ar  e  incompatible. 
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Fig.  152.  Phase  diagram  of  partial 

system  Na20*  AlgOg*  SiC>2  --  NagO* 

AlgOg  (from  Schairer  and  Bowen). 

Key: 

a.  Crystals 

b.  Carnegieite 

c.  Weight  % 

In  the  partial  'i  ’.era  Na20‘ Al2Og’  SSiOg  --  corundum,  there  is  a  eutectic 
with  final  members  differing  strongly  in  melting  temperature,  containing  1.5 
weight  %  AlgOg  ir«  all  and  melting  at  1103  —  3J. 

The  partial  system  NagO’ AlgCy  2Si02  —  corundum  is  a  eutectic,  with  a 
eutectic  containing  7  weight  %  AlgOg  and  melting  at  1475  —  10°.  Unstable 


crystallization  of  "y  alumina"  from  glasses  of  any  composition  also  is  observed 
here. 

The  partial  system  flagO  AlgCXy  2Si02  —  NagOAlgOg  is  characterized 
by  formation  of  the  continuous  series  of  carnegieite  type  solid  solutions  (Fig. 

152).  Because  of  volatilization  of  Na20,  the  presence  of  small  quantities  of 
corundum  and  alumina"  usually  is  observed.  The  formerly  assumed  com¬ 
pound  NagO*  AlgOg'  SiC>2  apparently  does  not  exist,  and  the  composition  cor¬ 
responding  to  it  is  one  of  the  members  of  the  continuous  series  of  solid  solutions 
with  a  melting  temperature  of  1725°.  According  to  Schairer  and  Bowen,  NagO* 
AlgOg  melts  at  1850°. 

In  the  partial  system  albite  --  nephelite  (carnegieite),  Schairer  and 
Bowen  observed  NaAlSigOg  solid  solutions  in  both  nephelite  and  carnegieite, 
with  the  solubility  of  the  albite  being  greater  in  the  low -temperature  modification, 
in  connection  with  which,  the  carnegieite-nephelite  inversion  point  is  increased 


from  1248  to  1280°. 

Robertson  and  colleagues  [29  j  plotted  a  phase  diagram  of  the  Na2<>  AlgOg* 

2SiC>2  —  Na20' AlgOg"  6Si02  system,  at  pressures  of  15  and  30  kbar  (Fig.  153). 

The  liquidus  lino  is  plotted  hypothetically.  The  authors  think  that  nephelite 
will  change  to  the  high-density,  polymorphic  modification  designated  nephelite  II 
at  high  pressures.  It  is  evident  from  Fig.  153  that  the  stability  regions  of 
albite  and  nephelite  axe  preserved  in  proportion  to  the  increase  in  pressure.  At 
a  pressure  of  30  kbar,  the  albite  +•  nephelite  association  is  unstable;  however, 
in  the  p  esence  of  jadeite  or  liquid,  these  minerals  may  be  stable. 

At  the  present  time,  four  modifications  of  the  compound  corresponding  to 
the  formula  NagO*  AlgO^*  2Si02  —  NaAlSiO^,,  are  accepted.  Cubic,  high-temperature 
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Fig.  153.  Phase  diagram  of  NagO'AlgOg*  2 Si02  -- 
NagO*  AlgOg*  6Si02  system  at  various  pressures 
(from  Robertson  and  colleagues);  a.  15  kbar; 
b.  30  kbar;  A.  albite;  C.  coesite;  J.  jadeite; 

N.  nephelite,  Q.  quartz. 

Key: 

c.  Weight  % 


d  carnegieite  is  stable  from  the  melting  temperature  to  1250°,  when  a  slow 
transformation  into  the  stable,  rhombic  nephelite  phase  (nigh-temperature 
Cf  nephelite)  takes  place.  With  reduction  in  temperature,  c(  nephelite  quickly 
changes  to  f  nephelite,  with  crystals  in  the  hexagonal  system  (from  Tuttle  and 
Smith  [37]  at  850°).  For  the  <X-0  carnegieite  transformation,  as  D.  Roy  and 
R.  Roy  [31]  demonstrated,  it  is  stretched  out  over  several  tens  of  degrees: 


i 

S 

ii 
i 


from  669  to  694  upon  heating  and  from  698  to  686°  upon  cooling. 

A  phase  diagram  of  the  compound  NaAlSiO^,  in  "pressure-temperature" 
coordinates,  has  been  studied  by  Boyd  and  England  [9]  and  Tuttle  and  Smith  [38], 
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the  results  of  which  are  presented  in  Fig.  154a  and  b,  respectively.  Accord¬ 
ing  to  the  data  of  the  first  authors,  pure  NaAlSiO^  is  subjected  to  decomposition 
into  two  phases  N  (1)  and  N  (2),  the  nature  of  which  has  not  been  established 
precisely,  at  high  pressures.  The  N  (2)  phase  apparently  is  similar  to  jadeite 
and  is  nf  the  pyroxene  type.  Tuttle  and  Smith  accept  three  modifications  of 
carnegieite  and  two  of  nephelite. 

Jadeite  NagO*  AlgO^*  4Si09  crystallizes  in  the  monoclinic  system;  the 
indices  of  refraction  are  Ng  =  1.  667,  Nm  **  1  659,  Np  *  1.  654;  the  density 
is  3. 3-3. 4  g/cm^.  It  melts  at  1000-1060°.  .  tificial  production  of  crystalline 
jadeite  involves  great  difficulties.  Boyd  and  England  [10]  succeeded  in  syn- 
thesizing  jadeite  under  hydrothermal  conditions.  Rigbyand  Hutton  [26]  ob¬ 
served  jadeite  crystals  when  carrying  out  crystallization  of  glass  in  the  presence 
of  sodium  vanadate  at  800°.  However,  heating  to  900°  led  to  disappearance  of 
the  jadeite  and  to  the  appearance  of  nephelite.  Jadeite  can  be  obtained  under 
high  pressure  conditions.  Robertson  and  colleagues  [29]  studied  the  reaction 
)  albite  +  nephelite  =  jadeite  at  pressures  between  10,  000  and  25,000  kgf/cm 
and  temperatures  between  600  and  1200°.  Birch  and  LeCompte  [7]  studied  the 
reaction  albite  —  jadeite  +•  quartz,  at  pressures  from  15  to  25  kbar  and  tempera¬ 
tures  from  600  to  1000°.  The  position  of  the  reaction  equilibrium  line  is  ex¬ 
pressed  by  the  ratio  P(bars)  =  6000  (  —  500)  +■  20  (  —  2)t(°C).  This  expression 
is  in  good  agreement  with  the  curve  plotted  by  Kelley  and  colleagues  [16],  on 
the  basis  of  thermochemical  data. 

Albite  NagO*  AlgOg*  6SiC>2  is  very  difficult  to  crystallize,  without  fail  in 
.  the  presence  of  mineralizers  (sodium  tungstate,  magnetite,  etc.).  Barrer  and 
White  [1]  synthesized  albite  by  the  hydrothermal  method,  from  a  gel  of  the 
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composition  NagO*  AlgOg*  nSiOg  (n  =  4).  The  best  results  were  achieved  at 
410°  and  pH  =  10. 
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Fig.  154.  P-t  diagram  for  NaAlSiCL  system  (compounds); 
a.  from  Boyd  and  England;  b.  from  Tuttle  and  Smith; 

Cg.  carnegieite,  N^.  high  nephelite;  Nj.  low  nephelite. 

Key: 

c.  Nephelite 

d.  Pressure 

e.  P,  kbar 

It  has  been  established  recently  that  albite  changes  to  the  high-temperature 
modification,  which  Laves  [18]  calls  analbite,  at  a  temperature  of  700  25°. 

Laves  and  Chaisson  [19]  demonstrated  that  analbite  has  a  lower  index  of  re¬ 
fraction  and  a  higher  specific  volume  than  albite. 

The  careful  structural  studies  of  Ferguson  and  colleagues  [14] 

showed  that  "dimorphism"  of  NaAlSi^Og  is  a  typical  example  of  "order-disorder" 
transformation.  The  problem  of  order  jn  the  feldspar  group  has  been  studied 
in  detail  by  Marfunin  [4],  Mackenzie  [22]  demonstrated  the  special,  continuous 
nature  of  the  transformation  being  discussed. 
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Fig.  155.  Diagram  characterizing  interrelationships 
of  jadeite,  aibite,  nephelite,  quartz  and  coesite  under 
high  pressure  conditions  (from  Bell  and  Roseboom); 

I.  invariant  points;  S.  singular  points. 


Key: 

a. 

J  adeite 

d. 

Coesite 

b. 

Aibite 

e. 

Nephelite 

c. 

Quartz 

f. 

P,  kbar 

The  effect  of  pressure  on  melting  temperature  of  aibite  has  been  studied 
by  Boyd  and  England  [10]  and  Roberts  and  colleagues. 

Bell  and  Roseboom  [6]  have  plotted  a  complete  diagram  of  aibite -jadeite - 
nephelite  transitions,  in  "pressure-temperature"  coordinates.  The  complete 
phase  diagram  of  the  nephelite -quartz  system,  up  to  a  pressure  of  50  kbar,  is 
presented  in  Fig.  155.  Ir  'lotting  this  diagram,  data  of  earlier  investigations 


were  used  (Robertson  and  colleagues  [29],  Schairer  and  Yoder  [34],  Birch  and 
Le  Compte  [7]  and  still  older  works).  The  most  interesting  section  of  the  dia¬ 
gram  is  depicted  on  a  large  scale  in  the  upper  left  corner.  The  incongruent 
melang  curves  of  jadeite  and  albite  begin  at  points  1^  and  Ig,  and  they  end  at 
points  Sj  and  S2.  Melting  of  jadeite  proceeds  by  the  same  path  as  that  of 
albite.  Both  albite  and  jadeite  have  a  certain  section  of  incongruent  melting. 
At  a  pressure  of  32  kbar,  the  albite  composition  of  the  liquid  is  exchanged  for 
a  jadeite  composition. 
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Fig.  156.  Phase  diagram  of  partial  system 
albite  --  silica  at  various  pressures  (from 
T,'th). 

Key: 

a.  P,  kbar 
fc.  Albite 

c.  Tridymite 

d.  Quartz 
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According  to  Newton  and  Kennedy  [21],  the  line  dividing  the  aibite  and 
jadeite -quartz  mixture  fields  is  defined  by  the  equation  P  (bars)  —  6800  +  18. 6 
t  (°C),  and  the  corresponding  line,  characterizing  the  reaction  albite  +  nephelite 


jadeite,  by  the  equation  P  (bars)  —  25  t  (°C)-4000. 


Luth  [20]  has  studied  the  system  NagO*  AlgOg*  6Si02  --  SiOg  under  various 


pressure  conditions,  bringing  it  up  to  20  kbar.  The  eutectic  temperature  was 


increased  in  this  case,  and  the  composition  changed  according  to  a  complex 


function:  At  the  beginning,  some  increase  in  silica  content  was  exchanged  for 


an  increase  in  feldspar  concentration.  In  Fig.  156,  the  phase  ratios  in  the 


system  are  presented  in  '’temperature-pressure"  coordinates.  The  line  char- 


i  )  acterizing  the  quartz -tridymite  inversion  was  borrowed  from  ihe  work  of 


Kennedy  and  colleagues  [17],  The  curve  characterizing  the  albite-liquid 


equilibrium  was  plotted  from  Boyd  and  England  [11]. 


Ringwood  and  Major  [27,  28]  showed  the.,  jadeite  is  stable  at  least  up  to 


the  pressure  of  180  kbar  (900°).  The  authors  propose  that,  by  analogy  with 


>  germanium  jadeite,  the  reaction  NaAlSigOg  (jadeite)  —  NaAlSiO^  (new  phase)  H~ 
SiOg  (stishovite)  takes  place  at  higher  pressures.  To  clear  up  this  question. 


it  is  desirable  to  study  the  behavior  of  germanium  silicate  jadeite  solid  solutions 


NaAl  (GeSi)O^.  Reid  and  colleagues  [25]  propose  that  the  NaAlSi04  modification 
existing  at  high  pressure  has  the  structure  of  calcium  ferrite  CaFegO^,  and 


that  the  transition  of  nephelite  into  this  modification  is  accompanied  by  an  in¬ 


crease  in  density  by  46.  6%. 


Sodium  aluminosilicates,  which  are  richer  in  alkali  than  nephelite,  are 


\  known.  Dormnikiewicz  [12]  obtained  disodium  aluminosilicate  2Na20*Al20g* 
2SiQ2  synthetically,  by  annealing  nephelite  with  soda.  Borciisrt  and  Keidel  [8] 
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consider  disodium  aluminosilicate  as  the  final  member  of  a  series  of  solid 
solutions  of  the  NaAlSiO^  --  Na20  series.  The  formation  of  such  a  solid 
solution  takes  place  by  means  of  introduction  of  sodium  oxide  into  lattice 
vacancies  of  <X  carnegieite,  which  stabilizes  the  structure  and  prevents  its 
transition  to  the  f  form. 

Yakovlev  [5]  has  described  the  compound  2Na20‘ A1203*  2SiO?,  which  is 
a  weakly  anisotropic  substance,  with  an  index  of  refraction  of  1.  531  and  density 

3 

of  2.58  g/cm  .  It  reacts  with  aluminum  oxide,  forming  Q  carnegieite  and 
sodium  aluminate. 

Manvelyan  [3],  by  annealing  a  complex  aluminosilicate  mixture  contain¬ 
ing  soda,  obtained  a  uniform  product,  to  which  he  ascribed  the  formula  NagO* 
Al203'Si02.  The  indices  of  refraction  of  this  compound  are  N  »  1.519-1.524. 

BIBLIOGRAPHY 

1.  Barrer,  R. ,  Ye.  White,  in  the  collection  Fizicheskaya  khimiya  silikatcv 
[Physical  Chemistry  of  Silicates],  Foreign  Literature  Publishing  House, 
Moscjw,  1956,  p.  156. 

2.  Galakhov,  F.  Ya. .  £av.  AN  SSSR,  OKhN,  5,  1959,  p.  770. 

3.  Manvelyan,  M.G. ,  in  the  collection  Mat  jr.  Vs&coyuzn.  sove^hch,  khimiya 
i  tekhnelogii  glinozema  [Materials,  All-Union  Conference  on  Chemistry  an  i 
Technology  of  Alumina],  Novosibirsk,  59,  1960. 

4.  Marfunin,  A.  S. ,  Trudy.  Inst,  geologii  rudnykh  mestorozhdeniy  petrografii, 
mineralogii  i  geokhimii  AN  SSSR,  No.  78,  Moscow,  1962. 

5.  Yakovlev.  L.  K. ,  in  the  collection  Khimiya  i  tekhnologiya  glinozema.  Trudy 
Vsecoyuzn.  covoshch.  (6-9  X  1959)  [Chemistry  antf Technology  of  Alumina: 
Proceedings  of  AJJ -Union  Conference  (6-9  Oct  1959)].  Alma-Ata,  1961, 

p.  62. 

5.  Bell,  P.  M. ,  E.H.  Roseboom,  Carnegie  Inst.  Washington  Year  Book,  64, 

139,  1964-1965. 

7.  Birch,  F. ,  P,  Le  Comptc,  Aroer.  J.  Sci. ,  258,  No.  3,  209,  1960. 


-  235 


-5£ 


-■53* 


rr*r'~n% 


11. 

12. 

13. 


14. 


26. 

27. 


Borchert,  W. ,  J.  Keidel,  Heidelberger  Beitr.  Mineral,  u.  Petrogr. ,  X* 
1-3,  17,  1947. 


Boyd,  F.  R.,  J.L.  England,  Carnegie  Inst.  Washington  Year  Book,  55,  154, 
1955-1956. 


Boyd,  F.R.,  J.L.  England.  Carnegie  Inst.  Washington  Year  Book,  60, 
119,  1961. 


Boyd,  F.R.,  J.L.  England,  J.  Geophys.  Res.,  68,  2,  311,  1963. 
Dominikiewicz,  M. ,  Roczniki  Chem. ,  12,  836,  1932. 


Donnay,  G. ,  J.F.  Schairer,  J.D.  H.  Donnay,  Mineral  Magaz. ,  32,  No.  245, 
93,  1959. 


Ferguson,  R.B.,  R.J.  Traill,  W.H.  Taylor,  Acta  crystallogr. ,  11,  No.  5, 
331,  1958. 


15. 

16. 


Greig,  J.W.,  T.F.W.  Barth,  Amer.  J.  Sci. ,  (5),  35,  206,  93,  1938. 


Kelley,  K.  K. ,  S.  S.  Todd,  K.  L.  Orr,  E.G.  King,  K.  R.  Bonnickson, 
U.  S.  Bur.  Mines  Rept.  Invest. ,  4955,  1953. 


17. 


Kennedy,  G- C. ,  G.J.  Wasserburg,  H.  C.  Heard,  R.C.  Newton,  Amer.  J. 
Sci.,  260,  7,  501,  1962. 


18. 

19. 

20. 
21. 
22. 
23. 


Laves,  F.,  J,  Geol. ,  60,  5,  430,  1952. 

Laves,  F.,  U.  Chaissor.,  J.  Geol.,  58,  5,  584,  1950. 

Luth,  W.C.,  Carnegie  Inst.  Washington  Year  book,  66,  480.  1956-1967. 
Newton,  M.  S. ,  G.  C.  Kennedy,  Amer.  J.  Sci. ,  266,  3,  728,  1S68. 
Mackenzie,  W.  S. ,  Amer.  J.  Sci.,  255,  7,  481,  1957, 


Osborn  E.F.,  A.  Muan,  in:  E.  M.  Levin,  C.R.  Robbins,  H.  F.  McMurdie, 
Phase  diagrams  for  ceramists.  USA,  Columbus,  fig.  501,  1964. 


24. 

25. 


Pablo-Galan  de  L. ,  W.R.  Foster,  J,  Amer.  Ceram.  Soc.,  42,  10,  491,  1959. 


Reid,  A.F.,  A.D.  Wadsley,  A.  E.  Ringwood,  Acta  crystallogr. ,  23,  5,  736, 
1959. 


Rigby,  G.R.,  R.  Hutton,  J.  Amer.  Ceram.  Soc.,  45,  2,  68,  1962. 


Ringwood,  A.  E. ,  A.  Major,  Earth  a.  Planetary  Sci. ,  Lett. ,  2_,  3,  255, 
1967. 


236  - 


1 


.1 


* 


% 


I 


o 


t 


R 


28.  Ringwood,  A.  E. ,  A.  Major,  Earth  a.  Planetary  Sci.  Lett. ,  2 ,  2,  106, 
1967. 


29.  Robertson,  E,C. ,  F.  Bii’ch,  G.  J.F.  MacDonald,  Amer,  J.  Sci.,  255,  2, 
115,  1957. 


30.  Roy,  R. ,  Th.  Isaacs,  E.  C.  Shafer,  Bull.  Geol.  Soc.  Amer.,  68,  2,  1789, 
1957. 


31.  Roy,  D.M.,  R.  Roy,  Bull.  Geol.  Soc.  Amer.,  69,  12,  1637,  1958. 

32.  Schairer,  J.F.,  N.  L.  Bowen,  Amer.  J.  Sci.,  (5),  245,  4,  193,  1947. 

33.  Schairer,  J.F. ,  N.  L.  Bowen,  Amer.  J.  Sci.,  254,  3,  129,  1956. 


34.  Schairer,  J.  F. ,  H.  S.  Yoder,  Amer.  J.  Sci. ,  258A,  Bradley  vol. ,  273, 
1960. 


35.  Spivak,  J. ,  J.  Geol.,  52,  1,  24,  1944. 
i  I  j  j  36.  Tilley,  C.  E.,  Mineral.  Petrogr.  Mitteilungen,  43,  406,  1933. 

37.  Tuttle,  O.F. ,  J.V.  Smith,  Carnegie  Inst.  Washington  Year  Book,  52, 


54,  1952-1953. 

38.  Tuttle,  O.F.,  J.V.  Smith,  Amer.  J.  Sci.,  256,  8,  583,  1958. 


I^O  --  —  SiC>2 

The  system  has  been  studied  by  Bowen  and  Schairer  [2,  3, 15, 21, 22].  A 
phase  diagram  of  the  F^O  --  AlgOg  --  Si02  system  is  presented  in  Fig.  157, 
according  to  Osborn  and  Muan  [17]. 

There  are  the  following  ternary  compounds  in  the  system:  F^O"  AlgOg’ 
2Si00,  calcilite;  KgO-  AlgOg*  4Si02,  leucite;  I^O*  AlgOg*  6SiOz,  calcium  feldspar 
(microcline,  crthociase  and  sanidine).  The  following  partial  binary  systems 
have  been  studied:  1.  leucite  --  SiOg  (Fig,  158),  incongruent  melting  of  calcium 
feldspar  takes  place  at  1150  i  20°,  and  the  composition  of  the  liquid  phase 
forming  here  corresponds  to  57.  3  weight  %  leucite  component  and  42.4  weight  % 
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silicic  acid;  2.  leucite  --  corundum,  eutectic  comp  ration  (1588  —  5°)  K^O  -- 
19.9,  AlgOg  --  29.3,  SiCXj  --  50.8  weight  %;  3.  calcium  disilicate  --  leucite, 
eutectic  composition  (9id  £  5°)  KgO  --  36.9,  AlgOg  --  7.4,  SiOg  --  55.7  weight 
%;  4.  rhombic  KAlSiO^  --  leucite,  eutectic  composition  (1615  £  10°)  IC^O  -- 
24.8,  AlgOg  --  27.0,  SiO^  --  48.2  weight  %;  5.  calcium  disilicate  --  KAlSiD4, 
eutectic  composition  (923  £  5°)  KgO  —  40.6,  AlgO^  --  7.7,  SiOg  --  51.7 
weight  %;  6.  calcium  tetrasilicate  --  calcium  feldspar  (Fig.  159),  eutectic 
composition  (725  £  5°)  KgO  --  26. 1,  AlgOg  --  3.3,  SiOg  —  70.6  weight  %; 

7.  KAlSiO^  --  corundum,  with  the  eutectic  melting  at  1680°. 

Calcium  feldspar  can  exist  in  various  structural  states.  The  structure 
of  high -temperature  sanidine  and  the  nature  of  the  Si  and  A1  distribution  in  the 
tetrahedral  positions  in  it  have  been  studied  by  Cole  and  colleagues  [6],  Deter¬ 
mination  of  the  structure  of  orthoclase  by  Jones  and  Taylor  [9]  showed  that 
partial  ordering  of  the  silicon  and  aluminum  atoms  takes  place  in  it;  the  sym¬ 
metry  is  monoclinic,  or  negligible  deviations  from  monoclinic  are  observed. 

O  According  to  Laves  [11],  orthoclase  is  submicroscopically  paired  triclinic 
domains. 

Microcline  is  the  lowest  temperature  form  of  calcium  feldspar. 

Goldsmith  and  Laves  [7]  have  shown  that  the  lattice  of  microcHne  changes 
within  oroad  limits,  from  monoclinic  to  triclinic. 

The  order-disorder  processes  in  calcium  feldspars  have  been  studied  by 
infrared  spectroscopy  [3]  and  nuclear  magnetic  resonance  [4].  These  methods 
make  it  possible  to  detect  the  differences  between  high  and  low  sanidine. 

|  Calcilite  KAlSiO^,  according  to  Rigby  and  Richardson  [18],  is  produced 

only  in  the  presence  of  NagO  at  650-1200°;  however,  Tuttle  and  Smith  [25] 
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Fig.  157.  Phase  diagram  of  KgO  --  AlgOg  --  Si02 


system  (from  Osborn  and  Muan). 
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obtained  calcilite  hydrotherm  ally,  from  a  mixture  of  sodium  disilicate  and  f 

aluminum  oxide,  at  a  temperature  below  840°.  A  diagram  characterizing  the 

polymorphic  transformations  of  KAlSiO^  is  shown  in  Fig.  160.  The  structure 

of  calcilite  has  not  been  studied  in  detail;  it  is  based  on  a  tridvmite-like 

#  * 
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skeleton.  The  structure  of  hexagonal  calcilite  has  been  studied  by  Claringbull 
and  Bannister  [5].  Sahama  and  Smith  [20]  indicate  the  existence  of  ordered 
(a  =  5. 15  A)  and  disordered  (a  =  8.  9  A)  forms  of  calcilite.  Beside  hexagonal 
calcilite,  there  is  a  high-temperature  form  O^,  rhombic  calcilite.  The  hex¬ 
agonal  calcilite  *=?  rhombic  calcilite  (O^)  inversion  takes  place  slowly,  and 
the  high -temperature  phase  (O^)  can  be  obtained  by  rapid  cooling.  Kunz  [10] 
gives  a  summary  of  the  literature  on  rhombic  calcilite.  Tuttle  and  Smith  [25] 
have  detected  a  second  rhombic  form  of  calcilite  (Og). 
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Fig.  158.  Phase  diagram  of  partial  system 
leucite  (KgO*  AlgOg*  dSiOg)  --  SiOg  (from  Schairer 
and  Bowen). 
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Fig.  159.  Phase  diagram  of  partial  system 
KgO^SiOg  --  I^O*  AlgOg*  eSiOg  (from  Schairer 
and  Bowen). 


a.  Leucite 

b.  Weight  % 


Synthetic  caliophyllite  (25]  is  not  identical  to  natural  caliophyllite,  but  it 
is  a  disordered  form  of  natural  caliophyllite. 


Leucite  KAlSigOg  is  encountered  in  two  modifications  [16j:  low -tempera¬ 
ture  (tetragonal  crystal  system)  and  high-temperature  (cubic  crystal  system). 


fia  w ,  h  iri.ruT-  • 


500 


woo 


1 1 


% Oil 


Fig.  160.  Phase  diagram  of  KalSiO^  compounds 
(from  Tuttle  and  Smith);  rhombic  KAlSi04 

Key: 

a.  Pressure 

b.  Calcilite 

c.  Caliophyllite 


Fig.  161.  Phase  diagram  of  KAlSi^Og  —  SiO^  system»  *n 
"pressure -composition"  coordinates  (from  Luth). 

e.  P,  kbar  d.  Quartz 
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TABLE  1 

BINARY  INVARIANT  POINTS  OF 
K20  --  A1203  —  Si02  SYSTEM 


1 

Phases 

ID  yirtrt  Ann 

Composition,  weight  % 

l 

Tempera¬ 

r rutcSb 

^0 

Al2°3 

Si°2 

ture,  °C 

Calcium  feldspar  f  tridymite  4- 

Eutectic 

9.8 

10.7  , 

79.5 

990  ±  20 

liquid 

Tridymite  4-  cristobalite  -4- 

Polymorphic 

4.3 

4.7 

91 

1470  ±  10 

liquid 

Leucite  4-  calcium  feldspar  4- 

transformation 

Reactions 

12.5 

13.5 

74.0 

1150  ±  20 

liquid 

Calcium  tetrasilicatef  calcium 

Eutectic 

26. 1 

3.3 

70.6 

725  ±  5 

feldspar  4-  liquid 

Calcium  disilicate  4-  leucite  4- 

II 

36.9 

7.4 

55.7 

918±  5 

liquid 

Calcium  disilicate  +■  hexagonal 

It 

40.6 

7.7 

51.7 

923  1:  5 

KAlSiO.  4*  liquid 

Hexagonal  KAlSiC>4  4-  rhombic 

Polymorphic 

35.6 

19.0 

45.4 

about  1540 

KAlSi04  4-  liquid 

Leucite  +-  corundum  4-  liquid 

transormation 

Eutectic 

19.9 

29.3 

50.8 

1588  ±  5 

Rhombic  KAlSi04  4-  corundum +- 

t! 

27.4 

37.7 

34.9 

1680  ± 10 

liquid 

Leucite  4-  rhombic  KAlSiO^ 4~ 

It 

[  24.8 

27.0 

48.2 

1615  ± 10 

liquid 

! 

Luth  [13]  has  plotted  a  phase  diagram  for  the  KAlSi^Og  --  Si02  system, 
in  "pressure-temp-rature-composition"  coordinates  (Fig.  161).  The  system 
was  studied  up  to  a  pressure  of  20  kbar.  At  a  pressure  of  20  kbar,  leucite  is 
not  found  and  only  sanidine  is  present.  Curves  characterizing  the  equilibrium 
sanidine  quartz  +  liquid  and  sanidine  +-  leucite  +■  liquid  are  presented  on  the 
right  of  the  figure  in  "pressure-temperature"  coordinates,  and  on  the  left, 
in  "pressure -composition"  coordinates,  curves  characterizing  the  change  in 
composition  cf  the  nonvariant  liquids,  which  coexist  with  the  following  phases: 
sanidine  +  leucite,  sanidine 4"  quartz  or  sanidine  -}-  tridvmite. 


Seki  and  Kennedy  [23]  have  shown  that  sanidine  (KAlSigOg)  and  hexagonal 
calcilite  (KAlSiOJ  can  coexist  at  high  pressures.  The  authors  have  studied  the 


TABLE  2 


TRIPLE  INVARIANT  POINTS  OF  K^O  —  AlgOg  --  Si02  SYSTEM 


P  Phases 

u 

Process 

u  u  w 

Composition,  weight  % 

Tempera¬ 

rasa 

Ha 

ture,  °C 

Calcium  feldspar  4  quartz  4 

Eutectic 

22.8 

3.7 

73.5 

710  ±  20 

calcium  tetrasilicate  4 
liquid 

867  ±  3  | 

Quartz  4-  tridymite  4 

Polymorphic 

17.0 

6.8' 

76.2 

calcium  feldspar  4  liquid 

transformation 

985  ±  20  ! 

Calcium  feldspar  4 

Eutectic 

9.5 

10.9 

79.6 

tridymite  +  mullite  4  liquid 
Tridymite  4  cristobalite  4 

Polymorphic 

2.4 

7.3 

90.3 

1470  ±  15 

mullite  4  liquid 

transform  ation 

1140  ±  20 

Calcium  feldspar  4-  leucite  4 

Reactions 

12.2 

13.7 

74. 1 

mullite  4  liquid 

Leucite  4  mullite  4 

If 

12.2 

13.7 

74. 1 

1315  ±  10 

corundum  4  liquid 

810  ±  5  | 

Calcium  feldspar  4  leucite  -f 
•v  calcium  disilicate  4 
,  J  liquid 

II 

32. 1 

5.3 

62.6 

| 

695  ±  5 

Calcium  feldspar  4  calcium 

Eutectic 

30.4 

3.2 

66.4 

tetrasilicate  4  calcium 
di silicate  4  liquid 

905  ± 10 

Leucite  4  hexagonal  KAlSiO 4 

If 

39.3 

7.8 

52.9 

calcium  disilicate  4  1 

liquid 

Hexagonal  KAlSi04‘4  rhombic  Polymorphic 

28.5 

22.0 

49.5 

about  1540 

KAlSi04  4  leucite  4  liquid 

trans¬ 

formation 

1553  ±  5 

'■''Leucite  4  rhombic  KAlSiC>44 
corundum  4  liquid 

Eutectic 

22.  1 

31.3 

46.6 

reaction  2KAlSi20g  {leucite)  —  KAlSi^Og  (sanidine)  4  KAlSiO^  (hexagonal  cal- 

cilite),  using  pressures  up  to  20  kbar,  in  the  presence  of  water  as  a  flux.  The 

index  of  refraction  of  hexagonal  caicilite  is  1.  537-1.  542,  density  2.  59  g/cm^. 

3 

For  sanidine,  the  index  of  refraction  is  1.520-1.53,  density  2.57  g/crn  . 
Lindsley  [12]  has  studied  the  melting  of  calcium  feldspar  under  high 
,  pressure  conditions;  the  triple  point  at  which  leucite  4  liquid,  "high  sanidine" 
and  liquid  are  in  equilibrium,  has  the  coordinates:  temperature  1445  ±  10®, 
pressure  19  £  1  kbar. 
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Seki  and  Kennedy  [23]  have  shown  that,  under  dry  conditions,  calcium 
feldspar  is  stable  even  up  to  1000°,  at  a  pressure  of  60  kbar.  Under  hydro¬ 


i 


thermal  conditions,  formation  of  the  hexagonal  phase  KAlSigOg*  HgO  takes 
place,  at  300-400°  and  pressures  of  15-20  kbar. 

Ringwood  and  colleagues  [19]  have  demonstrated  experimentally  that 
synthetic  calcium  feldspar  KAlSigOg  (sanidine),  at  a  pressure  of  120  kbar  and 
a  temperature  of  900°,  undergoes  a  polymorphic  transformation,  changing  to 
a  hollandite  structure  (space  group  I4/m,  a  —  9.  38,  c  *  2.  74  il  0.  01  A),  with 
an  average  index  of  refraction  of  1.  745.  In  the  transition  of  sanidine  to  the 
new  modification  with  the  hollandite  structure,  the  density  increases  from  2.  55 
to  3.48  g/cm  ,  i.  e. ,  by  50%.  The  authors  propose  that  leucite  at  high  pressure 
disproportionates  into  hollandite  and  KAlOg. 

For  summary  data  on  the  mineralogy  of  calcium  alum ino silicates,  see 
the  book  of  Dir  and  colleagues  [1]. 
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BeO  —  AlgOvj  --  Si02 

The  system  has  been  studied  by  Galaknov  [2]  and  Ganguli  and  Saha  ^6] . 
Galakhov  studied  the  region  adjacent  to  the  alumina  apex  (Fig.  162).  In  the 
region  studied,  there  are  two  invariant  reaction  points:  between  the  fields  of 
corundum,  mullite  and  BeO*  JAlgO^,  of  the  composition  6  weight  %  BeO,  74 
weight  f/c  Al0Og  and  20  weight  %  SiOg,  with  a  melting  temperature  of  1780°  and 
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between  the  fields  of  Be0*3Al203,  BeO*  AlgOg  and  mullite,  of  the  composition 
13  weight  %  BeO,  58  weight  %  AlgOg  and  29  weight  %  SiOg,  with  a  melting 
temperature  of  1830°.  The  boundary  between  BeO  and  3BeO*  A^Og  is  a  reaction 
one. 


Ganguli  and  Saha  [6]  studied  the  region  of  the  system  adjacent  to  the 
silica  apex  by  the  quenching  method  (Fig.  163).  There  is  a  eutectic  (Ej)  be¬ 
tween  the  chrysoberyl,  phenacite  and  cristobalite  fields,  of  the  composition: 

6. 0  weight  %  BeO,  11.3  weight  %  AlgOg  and  82.  7  weight  %  SiOg,  with  a  melting 
temperature  of  1515  it  5°.  Points  and  P2  are  paratectic  (reaction),  and 
they  have  the  respective  compositions:  3.  5  and  5. 0  weight  %  BeO,  12  and  4 
weight  %  AlgOg  and  84.  5  and  91  weight  %  Si02,  with  melting  temperatures  of 
1548  ±  5  and  1640  ±  15°.  Beryl  33eO- A1203'  6Si.02  (BegA^SigOjg)  was  ob¬ 
tained  at  temperatures  just  below  the  eutectic,  but  the  authors  admit  the  pres¬ 
ence  ot  a  small  beryl  field  on  the  diagram,  close  to  the  eutectic  point.  Com¬ 
bining  their  ret.  JIcs  with  the  data  of  other  authors,  mainly  of  Galakhov,  the 
authors  plotted  a  phase  diagram  of  the  system  (Fig.  164). 


s 
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Fig.  162.  Phase  diagram  of  high-alumina  portion  of 
BeO  --  AlgOg  --  Si00  (from  Galakhov). 

Key:  a.  Weight  % 
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Fig.  163.  Phase  diagram  of  high-silica 
portion  of  BeO  AlgOg  --  SiOg  system 
(from  Ganguli  an  Saha). 

Key: 

a.  Bromellite  d.  Mullite 

b.  Phenacite  e.  Cristobalite 

c.  Chrysoberyl  f.  Weight  % 


Van  Valkenburg  [9]  determined  that  beryl  melts  incongruently  at  1459°, 


dissociating  into  phenacite  and  liquid. 

Miller  and  Mercer  [7],  using  a  heating  microscope,  have  studied  the 
thermal  decomposition  of  beryl  in  greater  detail.  The  phenacite  and  liquid. 


forming  as  a  result  of  dissociation  of  beryl  at  1450°,  forms  chrysoberyl  and 
liquid  upon  subsequent  heating.  Both  crystalline  phases  coexist  in  the  1450- 
1475°  range.  In  the  1475 -1490°  temperature  range,  chrysoberyl  gradually  de- 
j  composes  to  formation  of  BeO.  After  holding  for  6  hours  at  1490°,  only  one 
crystalline  phase,  beryllium  oxide,  is  found. 
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Fig.  164.  Phase  diagram  of  BeO  --  A12C3  —  Si02 
system  (from  Ganguli  and  Saha,  taking  account  of 
data  of  Galaiihw). 

Key; 

a.  Weight  % 


As  a  result  of  crystallization  o i  beryllium  glass.  Miller  and  Mercer 

obtained  a  new  compound,  which  they  call  the  hybrid  beryllium  aluminosilicate 

phase.  The  new  compound  can  be  considered  eimer  as  a  beryliiuir -containing 

muilite,  with  the  formula  Bej-AlgSiAlgO^g,  or  as  a  compound  formed  as  a  result 

of  substitution  of  aluminum  for  beryllium  A.i  beryl,  with  the  formula  Be^Al^SigO^g- 

Ganguli  and  Saha  [5]  have  studied  the  thermal  breakdown  of  beryl,  using 

the  natural  mineral,  containing  impurities  of  FegO^  (0.65  weight  %),  TiOg 

(0.  24  weight  %),  CaO  (0. 25  weight  %)  and  MgO  (0. 13  waight  %).  The  total 

alkali  content  was  0.  87  weight  %,  Ne  =  1.  574  and  No  ~  1 . 578,  density  2.  66 
3  4- 

g/cm  .  At  1507  Z  2®,  beryl  melts  incongruently,  with  decomposition  into 
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phenacite,  chrysoberyl  and  liquid.  Phenacite  is  present  up  to  1523°.  Complete 
melting  begins  at  1627“  The  primary  phase  in  crystallization  of  the  melt  is 
chrysoberyl.  Glass  of  beryllium  composition  has  an  index  of  refraction  of 
1.525.  The  authors  propose  the  presence  of  liquation  of  the  beryllium  glass. 
Crystallization  of  beryl  from  glass  takes  place  only  in  the  presence  of  nuclei, 
added  small  crystals  of  beryl. 

Riebling  and  Duke  [8]  observed  phase  separation  of  the  melt,  correspond¬ 
ing  to  the  beryl  composition  (or  close  to  it)  at  temperatures  over  1600°.  The 
authors  think  that,  during  incongruent  melting  of  beryl,  dissociation  of  the 
SigOig  ring  and  appearance  of  discrete  BeO^  tetrahedra  and  AlOg  octahedra 
takes  place. 

Ebelmen  [3],  and  then  other  investigators,  have  accomplished  numerous 
syntheses  of  artificial  beryl,  emerald  BegAIgSigOjg.  Large,  high-quality 
monocrystals  of  emerald  have  been  obtained  by  the  hydrothermal  method  by 
Flanigen  and  colleagues  [4].  The  indices  of  refraction  of  these  crystals: 

No  ~  1.569,  Ne  *  1.563;  density  2.  S6  g/cni^. 

Bakakin  and  Belov  [1],  as  a  result  of  study  of  large  number  of  natural 
beryls,  have  determined  the  limits  of  possible  replacement  of  beryllium, 
aluminum  and  silicon  by  other  elements. 
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MgO  --  AlgOg  --  SiOg 

The  first  studies  of  the  system  were  dene  by  Rankin  and  Merwin  [32]  and 
Bowen  and  Greig  [11].  According  to  their  data,  the  only  ternary  compound  in 
the  system  is  cordierite.  Foster  [22]  also  established  the  presence  of  sapphirine 
o  in  the  system,  together  with  cordierite,  and  coniecturally  plotted  the  field  of 

its  crystallization  in  the  diagram.  The  presence  oi  a  small  sapphirine  stability 
field  was  confirmed  by  Keith  and  Schairer  [28,  35],  according  to  whom  the 
temperatures  of  the  three  invariant  triple  points:  1.  spinel  +■  sapphirine  + 

_  mullite  +  liquid;  2.  sapphirine  4  mullite  4  cordierite  4-  liquid;  3.  saphirine  4 
spinel  4  cordierite  +  liquid,  are  1482  i  3,  1460  4-  5  and  1453  —  5°,  respect¬ 
ively.  Still  another  compound,  pyrope,  was  obtained  subsequently.  The  most 
complete  triple  diagram,  in  which  all  preceding  studies  were  correlated,  was 
offered  by  Osborn  and  Muan  [31]  in  1960  (Fig.  165). 

Cordierite  2MgO-  2Al20g- SSiOg  has  an  incongruent  melting  character, 
forms  a  series  of  stable  and  metastable  solid  solutions  and  has  a  number  of 
polymorphic  modifications  (see  below).  Dittler  and  Kohler  [20]  and  Schreyer 
and  Yoder  [44]  detected  spinel  MgO*  AlgO^  in  the  decomposition  products  of 
?  cordierite  when  melting. 


Fig.  165.  Phase  diagram  of  MgO  —  AlgOg  —  SiOg 
system  (from  Osborn  and  Muan) . 


Key: 

a. 

Two  liquids 
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d. 

Tridymite 

j. 

Spinel 

e. 

Cordierite 

k. 

Corundum 

f. 

Forsterite 

1. 

Weight  % 

The  composition  of  sapphirine  has  not  been  conclusively  established  up 
to  now;  Foster  proposes  the  formula  4MgO#  5Al2Og*  2SiC>2  *  Mg^Al  10Si2°23- 
There  must  be  80  atoms  of  oxygen  in  the  unit  cell  of  sapphirine;  therefore, 
the  average  Si  content  will  be  7.00  and  Al,  33.  98.  The  number  of  silicon  atoms 
in  the  cells  varies  between  5.  96  and  8.  07,  and  of  Al,  from  31. 30  to  35. 99,  The 
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Fig.  166.  Phase  diagram  of  binary  profile 
cordierite  --  Mg  beryl  (from  Tiyama). 


Ke>: 

?..  Mullite 

b.  P;  otsenstatite 

c.  Cordierite 

d.  Mg  beryl 

e.  Weight  % 


formula  (in  v.’hich  the  charges  are  not  balanced)  can  be  represented  in  the  form 
Mgj^AlggSi^OgQ.  Ax  1475°,  mcnoclinic  synthetic  sapphirine  [23]  melts  in- 
congruently  into  spinel  and  liquid.  Bcjow  this  temperature,  sapphirine  is 
compatible  with  cordierite,  spinel  and  mullite.  Sapphirine  may  not  be  encounter¬ 
ed  with  forsterite,  per’dase  or  oiinoenstatite.  Schreyer  and  Seifert  [43]  intro- 
duced  the  formula  2MgO’  2AlgO  ^  SiQ,  ,  fo~  sapphirine  synthesized  under  hydro- 
thermal  conditions  (13  kbar,  900°);  the  average  index  of  refraction  is  1.  69f/  i 
0.003, 
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A  limited  series  of  solid  solutions,  beginning  with  cordierite  and  pro¬ 
ceeding  in  the  direction  of  the  hypothetical  magnesium  beryl  3MgO*  AlgO^* 

I  6SiC>2  is  shown  in  Fig.  166.  In  formation  of  the  solid  solutions,  heterovalent 

p  ^  2  4*' 

isomorphism,  according  to  the  scheme  Mg '  4-  Si  =  2A1  ,  appears.  The 

maximum  solubility  of  Mg  beryl  in  cordierite  is  fourd  at  1350°.  and  it  is  over 
20  weight  %. 

Schreyer  and  Schairer  [42]  have  found  a  small  region  of  solid  solutions 
in  study  of  the  c  cr  die  rile -MgSiOg  profile-  (Fig,  167).  Solubility,  limited  to  a 
value  of  less  than  1  weigh*  %  MgSiOg,  also  is  at  a  maximum  at  a  temperature 
a  little  above  1350°. 


|  In  study  of  the  cordierite  -  -  MgO-Al^Og  profile  (Fig,  168),  solid 

solutions  were  not  found.  Figs.  166  and  167  permit  representation  of  equilib¬ 
rium  conditions  in  crystallization  of  cordierite  close  to  the  liquiaus  tempera¬ 
tures  and  variations  in  its  composition. 

Budrufcov  and  Zloehevska>a  [2],  occupied  with  synthesis  of  a  spinel -mullite 
)  ceramic,  investigated  the  fusibility  diagram  of  the  binary  partial  system  spinel  - 
mullite.  The  minimum  fusibility,  at  approximately  1800°,  was  found  with 
equimolec  lar  ratios  of  mullite  and  spinel,. 

Schlaudt  and  D.  Roy  [37]  have  studied  two  profiles:  MgAl2C>4  --  Mg2SiC>4 
(Fig.  169)  and  MgO  --  Mg2Si04.  Solid  solutions  were  found  in  these  partial 
systems.  The  maximum  solubility  of  MgAl204  in  the  forsterite  structure  is 
0.5  mole  %  overall  at  1720°  (double  eutectic  temperature).  Somewhat  over 
5  mole  %  Mg2Si04  can  enter  the  spinel  structure  at  this  temperature.  The 
l  solubility  of  MgO  in  forsteriie  is  limited  to  0.  5  mole  %  at  the  eutectic  tempera¬ 
ture  i8600.  Up  to  11  mole  %  Mg-SiO,  can  enter  the  periclase  structure  at  this 

w  £ 

temperature. 
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Fig.  167.  Phase  diagram  of  binary  profile  cordierite 
enstatite  (from  Schreyer  and  Schairer);  a.  cordierite  - 
enstatite  profile;  b.  section  adjacent  to  cordierite. 
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Fig.  16S.  Phase  diagram  of  binary  profile 

cordierite  --  magnesium  spinel  (from 

Schreyer  and  Sehairer). 

Key: 

a.  Spinel 

b.  Mullite 

c.  Sapphirine 

}  d.  Cordierite 

e.  Weight  % 

Schlaudt  and  D.  Roy  have  established  the  existence  of  ternary  periclase 
solid  solutions  in  the  MgO  --  MgAl204  --  Mg2SiC>4  system,  extending  up  to  a 
composition  of  MgQ  853A10  063Si0  026O,  at  a  temperature  of  1710°  (eutectic 
among  MgO,  MgAl204  and  Mg2Si04). 

Under  certain  conditions,  the  ternary  compound  3MgO‘  AlgOg*  3Si02, 
pyrope,  belonging  to  the  garnet  group,  can  be  found  in  the  system, 
j  Medvedeva  and  Popova  f3]  have  synthesized  pyrope  Mg3Al2(Si04>3  from 

a  mixture  of  MgO  Mg(N03)2-  6H20,  Al(OH)g  and  Si^2,  at  pressures  of  60-120 
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kbar  and  a  temperature  of  1500  X  150°.  The  resulting  crystals  have  a  zonal 
structure.  The  index  of  refraction  on  the  periphery  of  the  grains  was  1.  720- 
1. 725  and,  in  the  central  part,  1.  735  and  higher.  Skinner  [45]  and  Ford  [21] 
present  lower  indices  of  refraction:  1.  714  and  1.  705.  At  the  liquidus  tempera 
tare,  this  compound  is  unstable  and  it  decomposes  upon  heating  into  a  mixture 
of  forsterite,  spinel  and  cordierite.  However,  at  elevated  pressures,  the 
temperature  region  of  stability  of  pyrope  is  considerably  enlarged.  Boyd  and 
England  [13]  have  plotted  a  preliminary,  incomplete  diagram  of  the  stability 
field  of  pyrope. 


Fig.  169.  Phase  diagram  of  partial  system 
MggSiO^  —  MgAlgO^  (from  Schlaudt  and 
D.  Roy). 

Key: 

a.  Spinel 

b.  Forsterite 

c .  Mole  % 

Berezhnoy  and  Karyakin  [1]  and  Pavlushkin  and  colleagues  [4],  studying 
solid  phase  reactions,  found  thct,  at  any  oxide  ratios  in  the  MgO  --  AlgO^  -- 
SiO„  system,  the  initial  reaction  product  is  magnesium  spinel  MgALO.,  the 


reaction,  of  which  with  silica  leads  to  formation  of  sapphirine  or  cordierite, 
depending  on  the  composition  of  the  initial  mixture.  Raseh  and  colleagues  [33] 
have  studied  the  solid  phase  reactions  in  the  MgSiOg  MgALG^  system,  and 
they  have  found  that,  at  1000c,  forsierite  and  spinel  appear,  at  1100°,  magnesium 
metasilicate  and,  only  at  1200-1300°,  cordierite;  decomposition  of  cordierite 
was  observed  at  1  *00°. 

Boyd  and  England  [17]  have  studied  the  phase  rntios  in  the  MgO  --  AigG,.  -- 

Si02  system  at  high  pressures.  Taking  account  o?  their  previous  work  [12, 14- 

16],  as  well  as  the  research  of  Snhreyer  and  Yoder  [44]  and  Clarl*  [19],  the 

authors  were  able  to  show  what  phases  coexist  up  to  a  pressure  of  40  kbar. 

At  atmospheric  pressure,  cordierite  coexists  with  many  phases  of  the  system: 

mullite,  tridymite,  protoenstatite,  forsterite,  spinel  and  sapphirine.  At 

elevated  pressures,  the  number  of  phases  with  which  cordierite  can  coexist 

decreases.  At  a  pressure  of  8  kbar  and  1100°,  when  cordierite  still  is  stable, 

it  can  crystallize  in  equilibrium  with  only  three  phases:  alumina-containing 

enstatite,  sillimanite  and  quartz.  At  21  kbar  and  14C0°,  when  pyrope  is  stable, 
it  coexists  only  with  alumina -containing  enstatite,  sapphirine  and  sillimanite. 

At  elevated  pressures,  pyrope  can  cr ystallize  in  equilibrium  with  many  phases. 

Ringwood  and  Major  [34]  have  studied  the  partial  system  MgSiOg  -- 

AlgOg  under  high  pressure  conditions.  Glasses  eonta  ning  AlgOg  from  5  weight 
%  to  the  composition  of  pyrope,  i.  e,  25.  3  weight  %  AlgOg,  were  subjected  to 
pressures  of  from  119  to  200  kbar  at  900°.  The  reaction  products  were  garnet 
and  clinoenstatite.  MgSiOg  (up  to  50  'weight  %)  was  included  in  the  garnet 
structure.  The  unit  c?li.  parameter  increases  appreciably  in  this  case. 

Cordierite  is  distinguished  by  complex  polymorphism.  Besides  the 
formation  of  metastable  modifications  and  intermediate  phases,  the  presence 


of  regions  ox  uniformity  (solid  aulutions)  ib  characteristic  of  cordierite. 

Therefore,  it  is  more  nearly  correct  to  speak  of  cordierite -like  phases. 

The  following  four  cordierite  (cordierite -like)  phases  can  be  encountered 
in  the  literature  at  the  present  time: 

1.  c(  cordierite,  "high"  cordierite,  indialite  phase;  this  modification  is 
obtained  tj  rnpit,  hign-temperature  (l00C-i300o)  crystallization  of  glass  of 
composition  2:2:5  or  close  to  it.  The  crystals  are  characterized  by  hexagonal 
symmetry.  The  structure  is  disordered  at  a  constant  composition.  The  rarely- 
encountered  natural  cordierites  are  similar  in  structure  to  artificial  <X  cordierite. 
Mi.,  ashiro  [30],  finding  this  variety  of  cordierite  in  Vaccaro  clay  shales  in 
India,  called  them  indialite  and  proposed  calling  artificial  <f  cordierite  by  this 
name.  The  unit  cell  parameters:  a=  9.7698,  c  =  9.  3517  A  (according  to 
Schreycr  and  Schaxrer  [42])  and  a  =  9.  782,  c  =  9.  365  A  (according  to  Miyashiro). 
According  to  Toropov  and  Sirazhiddinov  [8],  crystals  of  cf  cordierite  are  uni¬ 
axial..  with  indices  of  refraction  Ng  =  1.  523,  Np  =  1.  520;  the  density  is  2.513 
g/cm  ; 

2.  (>  cordierite,  "low"  cordierite,  rhombic  cordierite;  it  is  obtained  by 
low -temperature  (below  950°)  prolonged  crystallization  of  glass.  It  is  stable, 
and  it  is  characterized  by  rhombic  symmetry  with  an  ordered  structure.  It 
exists  stably  up  to  the  solidus  temperature.  In  the  presence  of  the  liquid  phase, 
it  changes  into  d  cordierite  [9]; 

For  the  natural  mineral,  3chreyer  and  Schairer  present  indices  of  re- 

2 

fraction  Ng  ~  1.520.  Np  ---  1.517  and  density  2.507  g/cm  ;  the  unit  cell  para¬ 
meters  ar*'  a  =  17.n521,  b  *  9.7208  and  c  *  9.3389  A;  the  crystals  are  biaxial, 
negative,  with  a  large  optical  axis  angle; 


tl'MF 


Toropov  and  colleagues  (6, 7]  have  determined  the  conditions  for  the 
mutual  transition  4  0  cordierite;  hexagonal  cordierite,  after  prolonged 

holding  at  1400°,  changes  into  "low"  rhombic,  stable  up  to  1440°;  at  1460°,  the 
reverse  transition  to  the  high-temperature  4  modification  takes  place; 

3.  Osumilite  phase;  this  cordierite -like  metastable  phase  was  obtained 
by  Schreyer  and  Schairer  [41],  by  crystallization  of  glass  containing  more 
silica  than  in  cordierite,  at  a  temperature  of  1050-1250°;  there  is  a  similarity 
with  the  mineral  osumilite  (earlier  taken  to  be  cordierite);  the  osumilite  structure 
is  based  on  hexagonal  double  rings  (Si,  Al)  j203q;  in(^ces  refraction  are 

No  =  1.545-1.547,  Ne  =  1.549-1.551;  (-h)2V  usually  is  0°; 

4.  "Petalite"  phase;  this  cordierite -like  metastable  phase  was  obtained 
by  crystallization  of  glass  rich  in  magnesium  oxide  and  silica  [41];  structurally, 
it  is  similar  to  lithium  aluminosilicate  LigO*  AlgOg-  8Si02,  petalite;  the  com¬ 
position  of  the  synthetic  "petalite"  phase  probably  lies  in  the  triangle 

2Si02  --  Mg0.Al203-8Si02  --  MgO-  AlgOg*  3SKX. 

Data  on  the  polymorphic  differences  in  the  compound  2M?0*  2A1200‘  5Si02, 
according  to  Eitel,  are  presented  in  Table  1. 

A  whole  serie?  of  inte^mediam  structural  spates  exists  between  cj  and  P 
cordierites,  which  are  evaluated,  according  to  Miyashiro  [29,  39]  and  Iiyama  [26], 
by  the  so  called  orderliness  index  (see  [5]). 

The  coefficient  cf  thermal  expansion  of  cordierite,  according  to  Hummel 

_7 

and  Reid  [25],  is  29’  10  degrees  in  the  25-1000°  range.  Sugiura  and  Kuroda 
[46]  show  that  cordierite  undergoes  a  certaindeorease  in  volume  in  the  20-500° 
range. 
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TABLE  1 

CRYSTALLINE  PHASES  OF  MgO  --  AlgOg  --  Si02  SYSTEM 
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0.003-0.006 
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<■■) 

3.% -3.5 

Key: 


a. 

Compound 

j- 

Natural  sapphirine 

b. 

Crystal  system 

k. 

Hexagonal 

c. 

Appearance 

1. 

Cubic 

d. 

Cleavage 

m. 

Monoclinic 

e. 

Optical  orientation 

n. 

Prisms 

f. 

Density,  g/cm3 

o. 

Fibers 

g- 

Cordierite 

P- 

Sheets 

h. 

Crystallizes  from  glass 

q- 

None 

below  925° 

r. 

Very  small 

i.  Nature-l  pyrope 

The  cordierite  structure  has  been  studied  by  Bystrom  [13],  Zoltai  [47] 
and  Gibbs  [24 j. 

The  majority  of  the  cordierites  are  optically  positive.  The  change  in  in¬ 
dices  of  refraction  are  independent  of  the  structural  state  of  the  cordierite  [44], 
Rankin  and  Merwin  [32]  have  found  a  metastable  phase,  the  composition  of 
which  varied  from  MgO-  A^Og*  2.  5610,,  to  MgO-  AlgOg-  3Si02.  Karknanavala  and 
Hummel  [27]  called  this  phase  /<  cordierite  and  assumed  it  to  he  iscstructura! 

with  high -temperature  spodumene  LiAlSigOg. 
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Schreyer  and  Schairer  [40],  studying  the  partial  system  MgAlgO^  — 

SiOg,  found  metastable  solid  solutions  with  a  high-temperature  quartz  structure. 
Tne  authors  assume  that  58.  7  weight  %  SiOg  can  be  replaced  by  the  sum  of  the 
oxides  AlgO/j-f"  MgO.  The  indices  of  refraction  of  quartz-like  so’id  solutions 
are  presented  in  Fig.  170,  The  composition  73.  25  weight  %  SiC>2,  7.58  weight 
%  MgO  and  19.  17  weight  %  AlgOg  corresponds  to  an  isotropic  phase,  which  is 
not  bi^efringent  (No  =  Ne'/.  Here,  the  optical  indicatrix  changes  its  optical 
sign  f~om  minus  to  plus. 

Torop»-v  end  Sirazhiddinov  [8],  by  low -temperature  (about  800°)  crystal¬ 


lization  of  glass  containing  over  35%  SlOg,  obtained  metastable  solid  solutions 
y  j  ritl;  the  high-temoerature  quartz,  structure  and  indices  of  refraction  Ng  —  1.540 
ar.d  Np  -  1.  537. 


Structural  conversions  of  metastable  quartz-like  solid  solutions  have  been 
studied  by  Khcdakovskaya  and  Pavlushkin  [10]  in  si  tall  3.  A  sharp  increase  in 
the  maximum  (102)  is  observed  on  the  diffractc-g^ams  of  the  quertz-like  phases 
at  1050°,  which  is  interpreted  as  an  approach  of  the  solid  solution  structure  to 
that  of  low -temperature  quartz. 

Scheel  [36]  has  shown  that  crystals  (1-2  mm  long)  of  metastable,  quartz- 
like  solid  solutions  can  be  grown  in  a  matrix  of  glass,  of  the  composition  MgO 
AlgOg*  3SiOc ,  subjected  to  three  months  of  heat  treatment,  with  gradual  increase 
in  temperature  from  6l>0  +o  800°.  The  crystals  grew  on  the  walls  of  a  narrow, 
cylindrical  channel  drilled  in  the  glass  and  filled  with  flux  of  the  composition 
Li20  4W03. 

Schreyer  [38,  39 J  demonstrates  the  posexmlity  of  isomorphic  replacements 

in  cordierite  by  two  systems:  Mg'*  4-  Si^+??  2A1^  and  2A1^  +Mg^^  $=* 

44* 

2Si  .  As  a  result  of  such  replacements,  four  types  of  cordierite  can  form: 
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Fig.  170.  Indices  of  refraction  of  meta¬ 
stable,  quartz -like,  -quartz  structure 
solid  solutions  (from  Schreyer  and  Schairer): 

DotstcompoSx‘'ion  of  initial  glasses,  from 
which  solid  solutions  were  obtained  by  means 
of  crystallization. 

Key: 

a.  Indices  of  refraction  d.  Cordierite 

b.  Sapphirine  e.  Weight  % 

c.  Mg-eucryptite 

1.  cordierite,  "supersaturated  with  silica,  "  i.  e. ,  containing  an  excess  of 
silicon,  as  a  result  of  isomorphic  substitution;  2.  cordierite,  "incompletely 
saturated  with  silica";  3.  cordierite,  "supersaturated  with  alumina  (aluminum)"; 
4.  cordierite,  "incompletely  saturated  with  alumina  (aluminum).  " 

For  the  cordierite  --  silica  profile  (Fig.  171),  the  solid  solution  is  con¬ 
sidered  to  be  cordierite,  "supersaturated  with  silica,  "  "Si  cordierite.  "  It  is 
evident  here  that  the  transition  of  "high"  cordierite  to  "low"  is  accomplished 
through  the  stage  of  structurally  intermediate  cordierite.  The  cordierite  solid 
solution  forming  in  the  binary  cordierite  --  "Mg  beryl"  profile,  is  not  saturated 
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Fig.  171.  Portion  of  phase  diagram  of 
cordierite  --  silica  binary  profile  in 
region  adjacent  to  cordierite  (from 
Schreyer). 


Key: 


a.  High  cordierite 

b.  Nc  cordierite 

c.  Structurally  inter¬ 
mediate  cordierite 

d.  Low  cordierite 


f. 


Cordierite  super¬ 
saturated  with 
silica  (low  cordierite) 
Weight  % 


with  aluminum  (alumina).  The  region  of  existence  of  "low"  and  "high"  cordierite 
in  this  profile  is  shown  in  Fig.  172.  In  the  conversion  region,  a  change  takes 
place  in  the  orderliness  indices.  A  region  with  variable  silicon  and  aluminum 
content  in  the  triple  diagram  according  to  Schreyer  is  represented  schematically 
in  Fig.  173.  Stable  solid  solutions  are  represented  here,  in  the  form  of  two 
heavy  lines,  proceeding  from  theoretical  cordierite  2:2:5.  One  of  these  solid 
solutions  is  "silicon  (silica)  supersaturated"  cordierite  and  the  second, 
"incompletely  aluminum  (alumina)  saturated.  "  Continuation  of  the  heavy  lines, 
just  like  the  dotted  field,  is  a  region  of  metastable  cordierite  solid  solutions, 
which  should  be  considered  as  ternary  solid  solutions.  Schreyer  admits  the 
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6Si02)  binary  profile  in  region  adjacent 
to  cjrdierite  (from  Schreyer). 


Key: 

a.  Nc  cordierite 

b.  High  cordierite 

c.  Conversion  region  with  changing 
values  of  orderliness  indices 


Fig.  173.  Schematic  triple  diagram  of  MgO  --  -- 

SiOg  system,  indicating  principles  of  formation  oi 
cordierite  solid  solutions  (from  Schreyer). 


Key: 

a. 

Mg- beryl 

g- 

Forsterite 

b. 

Supersaturated  with 

h. 

Pyrope 

silica 

i. 

Disthene,  andalusite 

c. 

Cordierite 

sillimanite 

d. 

Incompletely  saturated 

3- 

Mullite 

with  aluminum 

k. 

Sapphirine 

e. 

Supersaturated  with 

1. 

Spinel 

aluminum 

m. 

Mole  % 

f. 

Enstatite 
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CaO  --  A1203  --  Si02 

The  study  of  this  system,  carried  out  by  Rankin  and  Wright  [1C]  at  the 
beginning  of  the  twentieth  century,  was  thought  to  be  the  start  of  development 
of  a  major  section  of  silicate  chemistry,  the  study  of  heterogeneous  phase 
equilibria  in  complex  silicate  systems. 

A  phase  diagram  of  the  system,  according  to  Osborn  and  Muan  [17], 
reflecting  the  state  of  the  principal  studies  in  1960,  is  presented  in  Fig.  174. 
Osborn  and  Muan  introduced  changes  and  refinements  into  the  Rankin  and  Wright 
diagram,  in  accordance  vith  the  works  of  Greig  (liquation,  pi]),  Filonenko 
and  Lavrov  (plotting  the  CaO*  6Al2Og  field  [4]),  Toropov  and  Galakhov  (congruent 
melting  of  mullite  [2]),  Langenberg  and  Chipman  (refinement  of  the  isotherm 
positions  [14])  and  others. 

Gentile  and  Foster  [9]  think  that  calcium  hcxaaluminate  CaO'  6A1203  has 
its  field  in  the  diagram,  but  the  area  of  this  field  is  somewhat  smaller  than 
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j  Fig.  174.  Phase  diagram  of  CaO  --  Si 0?  --  Al^Or, 

-  system  (from  Osborn  and  Mran).  '  ° 

Key: 

a.  Two  liquids 

b.  Cristobalite 

c.  Tridymite 

d.  Pseudowollastonite 

e.  Rankinite 

f.  Ar.orthite 

g.  Mullite 

h.  Gehlenite 

i.  Corundum 

j.  Lime 

k.  Weight  % 


iiiii 


in  Filonenko  and  Lavrov.  The  triple  invariant  point  anorthite  --  corundum  - 
calcium  hexaaluminate,  according  to  Gentile  and  Foster,  has  the  composition: 
CaO  --  28.0,  AlgOg  --  39.  7,  Si02  --  32.3  weight  %  (melting  temperature 


1405  ±  5°),  and  according  to  Filonenko:  CaO  --  23.0,  AlgOg  --  41.0,  Si02  -■ 


36.  0  weight  %  (melting  temoerature  1495  —  5°).  The  version  of  the  diagram 
proposed  by  Gentile  and  Foster  is  presented  in  Fig.  175. 
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Fig.  175.  Phase  diagram  of  partial 
system  CaO  --  AlgOg  --  SiOg,  bound¬ 
ed  by  compounds  CaO’ AlgOg- 2Si02, 
2CaO*  AlgOg*  Si02  and  CaO*  6Al2Og 
(from  Gentile  and  Foster). 


a.  Corundum 

b.  Anorthite 

c.  Gehlenite 

d.  Weight  % 
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The  systems  CaO*  AlgO^'  2Si02  --  silica,  according  to  S-.  hairer  and 

Bowen  [21],  CaO*  A^O^*  2SiC>2  --CaO*,ci02>  according  to  Osborn  [  16],  CaO* 

A^O^*  2Si02  --  cfAigO^,  anortliite  2CaO- A^Og*  Si02,  2CaG*  A1903' Si02 

CaO*  SiOg  and  2C.nO*  AlgO^*  Si09  --  2CaO*  Si02,  according  to  Rankin  and 

Wright  [19],  are  simple  eutectics  The  system  CaO*  Si09  CaG-AlgOg,  in 

which  gehlenite  comes  into  being,  is  presented  in  Fig.  176,  according  to  the 

data  of  Rankin  and  Wright.  The  profile  connecting  CaSiO.,  and  the  eutectic 

o 

between  anorthite  and  gehle.iite,  studied  by  Yoder  [22],  in  which  there  is 
grossularite  3CaO*  A^Og*  3SiG2  in  the  low-temperature  region  encompassed 
(up  to  400°),  is  shown  in  Fig.  177  The  part  of  the  3CaO*  ?102  --  Ai9Gg 


profile  up  to  1.  2  weight  %  AUO^  has  been  studied  by  Bigare  and  colleagues  [5], 
in  connection  with  study  of  the  polymorphism  of  solid  solutions  of  tricalcic"1 

A. 

silicate. 

Toropov  and  Tigonen  [3]  have  studied  the  metastable  crystallization  of 
glasses  of  the  anorthite  --  wollastonite  system,  beginning  at  temperatures  of 
400°  below  the  eutectic. 

Toropov  [1]  and  Goggi  £10]  have  examined  the  crystallization  sequence 
for  various  portions  of  the  system. 

According  to  recent  data,  anothite,  CaO  AlgOg*  2SiC>2  exists  in  three 
modifications:  The  common  triclinic  and  the  recently  discovered  rhombic  and 
i  f  hexagonal,  which  are  not  analogs  o.  the  corresponding  modifications  of  BaO' 
A1.,00‘  2SiO„.  Production  of  the  two  latter  modifications  is  described  by 
Davis  and  Tuttle  [7J.  It  is  interesting  that  the  rhombic  phase  was  not  separated 
out  by  crystallization  of  pure  anorthite  glass,  but  was  obtained  from  a  melt 
containing  20  mole  %  plagioclase  (the  remainder  was  anorthite),  by  crystallization 
at  950°  for  a  period  of  four  days.  The  hexagonal  modification  of  anorthite  nas 
been  studied  in  detail  by  J.  Dornay  and  G.  Donnay  [8j,  who  demonstrated  the 
complexity  of  its  structure. 

At  high  temperatures,  the  hexagonal  and  rhombic  anorthite  change  to  the 
common  iriclimc,  bu*  in  the  presence  of  watei,  700°  is  sufficient  for  this 
transition.  Tue  latter  circumstance  forces  the  new  anorthite  modifications  to 
be  cons  aered  metastade.  However,  Yoshiki  and  colleagues  [23],  on  the  basis 
of  dilatometric  measurements,  think  that  hexagonal  anorthite  is  a  stable 
modification  up  to  300°,  changing  to  triclinic  above  this  temperature,  the  stability 
limit  of  v-hicb  extends  to  the  melting  temperature  1550°.  In  a'  "dance  with 
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Fig.  177.  Phase  diagram  of  partial  system 
wolla3tonitc  --  anorthite  -f  gehlenite  (eutectic) 
(from  Yoder). 

Key: 

a.  Pseudowollasionite  d.  Wcliastonite 

b.  Anorthite  e.  Grossularite 

c.  Gehlenite  f.  Weight  % 


Fig.  17C.  Hypothetical  phase  diagram  of  CaA^SigO 
system  (compounds)  (  from  Yoshiki). 

Key: 

a.  Vapor  pressure 

b.  Rhombic  anorthite 

c.  Hexagonal  anorthite 

d.  TricHric  anorthite 

e.  Melt 


TABLE  1 

INVARIANT  POINTS  OF  CaO  --  2CaO-  Si09  —  5CaO*  3A1„0~  SYSTEM 

(from  Goggi) 
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Key: 

a.  Phases  f.  Melting 

b.  Process  g.  Triple  reaction  point 

c.  Composition,  weight  %  h.  Same 

d.  Temperature,  °C  i.  Eutectic 

e.  Dissociation 


the  hypothetical  phase  diagram  of  the  CaA^S^Og  system  in  "pressure- 
temperature"  coordinates  (Fig.  178),  rhombic  anorthite  is  metastable  at  all 
temperatures. 

Un^r  high  pressure  conditions,  two  compounds  appear  on  the  phase 
diagram  the  system:  grossularite  3CaO*  AlgOg*  3Si02  and  pyroxene,  of 
the  composition  CaO*  AlgOg' Si02  ~  CaA^SiOg  (see  the  works  of  Yoder  [22] 
and  Clark  and  colleagues  [61). 

Hays  [12]  has  studied  the  reaction  CaA^S^Og  (anorthite)  f-  Ca2Al2SiO,, 
(gehlenite)  +■  Al^Cg  =  3CaAl2SiOg  (pyroxene)  under  high  pressure  conditions. 


Fig.  179.  Stability  region  of  CaAlgSiOg  (pyroxene) 

vs.  temperature  and  pressure  (from  Hays). 

Key: 

a.  Corundum  d.  Gehlenite 

b.  Pyroxene  e.  Grossularite 

c.  Anorthite  f.  P,  kbar 

The  boundary  line  between  the  three-phase  field  of  anorthite  h  gehlenite  -4- 
corundum  and  the  pyroxene  field  is  shown  in  Fig.  179.  Dissociation  of  pyroxenv 
takes  place  with  further  increase  in  pressure:  3CaAlgSiOg~  Ca^A^Si-jO, 2  *r 
2Al.,Og.  Correlating  existing  data  in  the  literature  [15, 18]  and  adding  the  re¬ 
sults  cf  his  own  experiments.  Hays  determined  the  position  of  the  boundary 
lines  (straight  lines)  between  the  three-phase  field  of  anorthite  +  gehlenite  4- 
wollastonite  and  tl:e  grossuiarite  field,  and  between  the  two-r>hase  fields  of 
anorthite  4-  wollastonite  and  grossularite  -f  quartz  (Fig.  180).  The  reaction 
3CaAl2Si2Og  =  Ca3Al2Si3Ol2  4-2Al25i05  -KSiOg,  taking  place  at  pressures 
over  20  kbar,  also  has  been  studied  by  Hays. 


Fig.  180.  Stability  region  of  anorthite,  gehlenite, 
wollastonite  vs.  temperature  and  pressure  (from 
Ha  vs). 


a.  Anorthite 

b.  Gehlenite 

c.  Wollastonite 

d.  Grossularite 

e.  Quartz 

f.  P,  kbar 


Clinopyroxene  CaAlgSiOg,  synthesized  by  Hays  [13]  (pressure  over  12 

kbar,  1050°),  had  indices  of  refraction:  Ng  =  1.730  i  0.02,  Nm  —  1.714  il 

0.002,  Np  =  1.709  i  0.002;  2V  (calculated)  59  it  15°;  density  3.431  il  0.002 
3 

g/ cm  .  Clark  and  colleagues  [6]  consider  this  compound  as  a  calcium 
"Chermak  molecule." 

Rxngwood  and  Major  (20)  have  showed  that,  by  subjecting  a  mixture  of 
90  weight  %  CaSiOg  and  10  weight  %  AlgOg  to  a  pressure  of  150  kbar  (590®) 
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TABLE  2 

CRYSTALLINE  PHASES  OF  CaO  --  AlgOg  --  Si02  SYSTEM 
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a.  Compound 

b.  Crystal  system 

c.  Appearance 

d.  Cleavage  2 

e.  Density,  g/cra3 

f.  Optical  sign 

g.  Optical  orientation 

h.  Anorthite 

i.  Gehlenite 

j.  Natural  grossularite 

k.  Triclinic 


l.  Tetragonal 

m.  Rhombic 

n.  Cubic 

o.  Blocks,  sheets 

p.  Grains,  sheets,  prisms 

q.  Fibers 

r.  Perfect  along  (001)  and  along  (010) 

s.  Distinct  along  (00 1) 

t.  Large 

u.  Extinction  angle  along  (001)  35°,  poly- 
synthetic  twins 

v.  Sometimes  anomalous  birefringence 


a  garnet  phase  can  be  obtained,  wnich  is  a  mutual  solid  solution  between 
grossularite  3CaO*  AlgO^'  3Si02  and  GaSiOg.  The  unit  cell  parameter  of  the 
phase  discovered  is  11.  87  A  (11.  851  A  for  grossularite). 
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SrO  --  A1203  --  Si02 

The  system  has  been  studied  by  Dear  [2,  5],  who  determined  the  subsolidns 
phase  ratios  (annealing  at  ldSO11).  Three  ternary  compounds  were  found* 
strontium  anorthite  SrO*  A1203*  2Si02  and  the  compounds  discovered  oy  Dear 
2SrO*  AlgOg*  Si02  (strontium  gehlenite)  and  6SrO*  9A1203*  2Si02.  The  phase 
relationships  in  the  system  and  the  coexisting  phase  triangles  for  1350°  are 
presented  it  Fig.  181.  In  subsequent  studies.  Dear  [4 j  synthesized  strontium 
ockermanite  2SrO*  A12G3*  2SiO.,,  with  crystals  in  the  tetragonal  system,  optically 
\  positive,  and  unit  cell  parameters  a0  =  5.  ?8l  and  cy  —  8.  025  A. 

Starczewski  [6]  has  determined  tne  melting  temperatures  of  mixtures 
of  the  oxides  by  visual  observations,  identifying  the  phases  by  the  X-ray 
method.  He  observed  two  ternary  compounds:  SrO*  A1203*  2S102.  melting 
congruently  at  1765°,  and  2SrO  A1203*  Si02,  melting  incongruently  at  1705°. 

The  fusibility  diagram  of  the  system  is  presented  in  Fig.  182. 

The  compound  SrC*  AlgOg*  2SiO.?  can  be  referred  to  the  feldspar  group  of 
minerals.  Crystals  of  this  compound  apparently  belong  to  the  triciinic  system 
•  .  [5],  with  indices  of  refraction:  Ng  =  1.586,  Nm  “  1.582  and  Np  =  1,574; 

density  is  3,  12  g/cm0,  (— )  2V  =  70c. 
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Fig.  181.  Diagram  of  coexisting  phase 
triangles  of  SrO  --  AlgOg  --  Si02  system 
in  subsolidus  region  at  1350°  (from  Dear). 

Key: 

a.  Weight  % 

Sirazhiddinov  and  Arifov  [1]  have  studied  solid-phase  synthesis  of  the 
compounds  SrO- AlgO^'  2Si02  and  2SrO*  AlgOg*  SiOg.  The  initial  substances 
were  SrCO^  or  SrSO^,  alumina  and  rock  crystal  or  kaolin.  Annealing  was 
carried  out  at  1500°  (5  hours).  The  initial  products  of  the  reaction  were 
3r0-Si02  (it  formed  at  1000°)  and  2SrO- Si02  (it  formed  at  800°),  which,  re¬ 
acting  with  AlgO^  (over  1100°),  gives  the  corresponding  aluminosilicates. 


^ — llrfflipfi 
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Fig.  182.  Fusibility  diagram  of  SrO  --  AlgOg  -- 
Si02  system  (from  Starczewski). 

Key: 

a.  Weight  % 
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BaO  --  A1203  --  Si02 

The  system  has  been  studied  by  Toropov  and  colleagues  [5,  6],  Thomas 
[17]  and  Foster  and  colleagues  [7, 10, 11, 15],  by  the  quenching  method. 

The  general  form  of  the  phase  diagram  of  the  BaO  --  Al^O^  --  S102 
system  is  presented  in  Fig.  183a.  Besides  the  binary  compounds,  the  ternary 
compound  celsian  BaO*  A1203*  2Si02  is  shown  on  the  diagram,  as  well  as  two 
types  of  solid  solutions:  1.  a  ternary  solid  solution  in  the  section  2BaO* 

3Si02  --  Ba0-2Si02  --  BaO*  AlgOg*  2Si02;  2.  a  solid  solution  based  on  the 
incongruently  melting  compound  33aO*  3A1203*?-Si02  (the  second  component 
is  barium  rr.etasilicate).  This  solid  solution  crystallizes  in  the  form  of 
elongated  prismatic  crystals  with  direct  extinction.  The  refraction  changes 
within  the  following  limits.  Ng  —  1.524-1.644,  Np  —  1.615-1.532,  Ng-Np — 
9.009.  The  compound  3BaO*  3A'L,03*  2S1CV,  melts  at  1550%  with  decomposition 
into  barium  monoalurninate  and  liquid.  Planz  and  Muelier-Hesse  [12]  obtained 
the  compound  3:3:2  by  means  c?  a  soud-phase  reaction,  starting  with  barium 
carboiiate  and  mullite  (or  sillimanite). 

The  region  of  ternary  solid  solutions  formed  by  celsian,  dibarium  tin¬ 
s’ ilicate  and  barium  disilicate  (sanbornits),  e3tr*blished  by  Toropov  and 
colleagues,  extends  from  the  line  connecting  BaO*  23i02  and  2BaO*  3Si02,  on 
the  alumina  side,  reaching  up  to  10  weight  %  A^O^  (Fig.  133b).  With  a 
higher  alumina  content,  a  field  of  primary  crystallization  of  celsian  is 
reached.  The  points  P  and  O  designated  on  the  diagram  are  invariant, in 


i] 


Fig.  18?.  Phase  diagram  of  BaO  A^Og  -- 
Si09  system  (from  Toropov  and  colleagues), 
a.  complete  diagram;  b.  region  of  ternary 
solid  solution  formed  by  celsian  (BaOAlgO^' 
2Si09),  sanbornite  (BaO1  Si09)  and  dibarium 
trisilicate  (2BaO  3SiOr>). 


Key: 

c.  Weight  % 

d.  Solid  solution 


Fig.  184.  Indices  of  refraction  of  ternary  solid 
solution  for  three  profiles  with  differing  constant 
alumina  content  (from  Toropcv  and  colleagues): 

1.  3  weight  %  A1203;  2.  6%;  3  9%. 

Key: 

a.  Ternary  solid  solution 

b.  Weight  % 


which  point  P  is  a  eutectic  with  a  melting  temperature  of  1320°,  and  point 
O  is  a  reaction  point  with  a  melting  temperature  of  1280°. 

The  index  of  refraction  of  crystals  of  the  ternary  solid  solution  for 
the  three  profiles  with  constant  alumina  content  of  3,6  and  9  weight  %  is 
presented  in  Fig.  184.  The  change  in  optical  properties  takes  place  in  two 
directions:  along  the  lines  parallel  to  the  SaO  -  -  Si02  side  and  along  lines 
go?  g  from  this  side  t.o  the  central  portion  of  die  triangle.  This  change  in 
optical  properties  of  the  crystals  separated  out  can  only  be  explained  by  the 


Fig.  185.  Sections  of  BaO  --  AlgOg  --  SiOg  triple 
diagram  proceeding  from  BaO  —  Si02  side:  Constant 
SiOg  content:  a.  45,  b.  39,  c.  33  weight  %. 

Key: 

d.  Weight  % 


fact  that  they  are  formed  from  three  components.  The  changes  in  the  indices 
Ng  and  Np  vs.  composition  are  shown  in  Fig.  184.  The  indices  of  refraction 
for  BaO-  2Si02  and  BaO’  SiOg  are  constant  and  are  represented  by  horizontal 
lines. 
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Fig.  186.  Phase  diagram  of  partial  system  BaAlgSigOg  -- 
SiOg:  a.  from  Toropov  and  colleagues;  b.  from  Foster 
and  Lin. 

Key: 

c.  Celsian  f.  Tridymite 

d.  Cristobalite  g.  Sanbornite 

e.  Mullite  h.  Weight  % 


Vertical  profiles  parallel  to  the  BaO  --  AlgOg  side,  with  constant  silica 
content  of  45,  39  and  33  weight  %,  are  shown  in  Fig.  185a-c.  The  figure  pre¬ 
sented  makes  It  possible  to  characterize  the  equilibrium  ratios  in  the  region 
studied. 

Foster  and  Lin  [7]  have  shown  that,  if  the  data  of  Toropov  and  colleagues 
are  used,  the  phase  relationship  diagram  of  the  partial  profile  of  celsian 
(BaAlgSigOg)  --  silica  is  represented  by  Fig.  186a,  l.  e. ,  the  combined  presence 
of  celsian  and  silica  is  not  observed,  since  a  mullite  field  is  located  between 
the  tridymite  and  celsian  fields.  Foster  and  Lin  have  done  experimental  studies 
)  of  the  partial  system  BaAi^SigOg  —  SiOg  and,  in  distinction  from  Toropov  and 
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_  Fig.  187.  Phase  diagram  of  partial  system 

(  )  BaSigO,.  —  BaAlgSigOg  (from  Lin  and 

Foster) . 

Key: 

a.  Hexacelsian 

b.  High  sanbornite 

c.  Celsian 

,  ~  \  d.  Low  sanbornite 

l  J  e.  Weight  % 

colleagues,  they  found  that  only  one  eutectic  is  observed  here,  of  composition 
51  weight  %  BaAlgSigOg  and  49  weight  %  SiOg,  with  a  melting  temperature  of 
1311 1  4°  (Fig.  186b).  Carrying  out  prolonged  crystallization  of  glass,  the 
authors  obtained  only  crystals  of  BaAlgSi^Og  and  silica,  and  did  not  find 
sanbornite  or  mullite. 

Lin  and  Foster  [11],  in  study  of  the  partial  profile  sanbornite  (BaSi^O,.)  — 
\  celsian  (BaAl2Si20g),  did  not  find  the  ternary  solid  solutions  indicated  by 

Toropov  and  colleagues.  In  accordance  with  Fig.  187,  the  system  is  a  simple 
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Pig  189.  Phase  diagram  of  partial 
system  BaAl  S’oOg  —  3Al203’2Si02 
(from  Semler  and  Poster) . 


a.  Mullite 

b.  Hexacelsian 

c.  Corundum 

d.  Celsian 

e.  Weight  % 


Semler  and  Foster  [15]  have  studied  the  partial  binary  systems  celsian 
alumina  (Fig.  188)  and  celsian  --  mullite  (Fig.  189).  The  first  of  them  is  a 
simple  eutectic,  with  a  eutectic  containing  86  weight  %  celsian  and  melting  at 
1720  ±  10°.  On  the  phase  diagram  of  the  pseudobinary  celsian  --  mullite 
system,  a  special  phase  is  corundum.  The  lowest  temperature  of  appearance 
of  corundum  (with  a  content  of  38.  5  weight  %  celsian),  is  1554°  (reaction 


Schwiete  and  colleagues  [13]  have  studied  solid-phase  reactions  in  the 


system. 

A  complex  polymorphism,  which  is  completely  unstudied  to  this  time,  is 
characteristic  of  the  compound  BaAlgSigOg.  Two  polymorphic  forms  are 
formed  artificially,  a  monoclinic  (celsian  proper,  ^form)  and  a  hexagonal 
(if  form).  The  paracelsian  found  in  nature,  in  the  monoclinic  system,  usually 
is  considered  to  be  a  special  modification  (<5  form).  There  is  evidence  of  a 
rhombic  form. 

Celsian  proper  belongs  to  the  feldspar  group,  and  it  forms  a  continuous 
series  of  solid  solutions  with  orthoclase.  The  monoclinic  crystal  system  is 
assumed  for  celsian,  and  not  the  triclinic,  as  Taylor  and  colleagues  thought 
[16]. 

Some  physical  properties  of  three  polymoiphic  varieties  of  BaAlgSigOg 
are  presented  in  Table  1.  The  monoclinic  celsian  and  paracelsian  modifications 
are  encountered  in  tha  form  of  minerals. 

The  hexagonal  form,  with  a  lamellar  lattice  and  perfect  cleavage  along 
(0001),  was  first  obtained  by  Ginzberg  [  1] .  Especially  pure  initial  materials 
are  required  for  synthesis  of  this  form,  and  the  annealing  must  be  carried  out 
no  lower  than  15C0°,  with  subsequent  quenching. 

The  hexagonal  modification  synthesized  by  Yoshiki  and  Matsumoto  [18] 
melted  congruently  at  1915°,  and  it  had  a  reversible  transformation  in  the 
metastable  region  at  300°.  The  crystals  were  very  similar  to  mica,  had  very 
good  basal  cleavage,  were  optically  positive,  with  the  following  unit  cell  para¬ 
meters:  ag  =  5.25  ir  0.003,  Cq  =-7.84  £  0.01  A. 
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Polymorphic 

Form 

Symmetry 

Unit  Cell 
Parameters 

Density 

g/cm3 

Optical 

Characteristics 

Celsian 
( form) 

Monoclinic 

a  =8.  627, 
b  *  13. 045, 
c  =7.202x2A 
f  *115°13', 

Z  *  8 

3.37 

Short  prismatic 
crystals,  optical 
sign  (+),  Ng  =  1.594, 
Np*  1.583,  cleavage 
perfect  along  (001) 

Faracelsian 
(5  form) 

Monoclinic 
(pseudo - 
rhombic) 

a  -9.08, 
b  =9.  58. 
c  *8.  58  A, 
^90°, 

Z  =  4 

3.31 

Prismatic  crystals, 
optical  sign  {— ), 

Ng  31  i .  587,  Np  - 
1.570 

Hexagonal  form 
(«T  or  high-tem¬ 
perature  celsian) 

Hexagonal 

a  *5.25 
c  ®  7. 8-4A, 
c/a  *  1 . 494 

Z  *  1 

3.299 

Hexagonal  plates, 
optical  sign  (-f), 
cleavage  perfect 
along  (000?), 

No -1.573 

Yoshiki  and  colleagaes  [19],  synthesizing  the  hexagonal  modification 
("hexacelsian")  of  kaolinite  and  barium  carbonate,  by  means  of  carrying  out 
the  reaction  in  the  solid  state  at  1000°,  demonstrated  its  transition  at  1200° 
into  celsian  proper  (Fig.  100a).  Hexacelsian  exists  in  two  enantiotropic 
modifications,  with  an  inversion  point  of  300°.  Above  1200°,  M  c(  hexacelsian" 
is  metastablc  with  respect  to  celsian. 

Seki  and  Kennedy  [14]  found  th  it,  at  atmospheric  pressure,  hexagonal 
celsian  changes  to  monoclinic  at  700°. 

Grebenshchiko\  [2,3]  accepts  only  celsian  proper  (ft  fern),  melting 
equiponderantly  at  '•'740o,  as  a  stable  form.  Hexacelsian  is  considered  to  be 
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Fig.  190.  Schematic  phase  diagram  characterizing 
polymorphism  of  celsian:  a.  from  Yoshiki  and 
colleagues;  b.  from  Lin  and  Foster. 


Key: 

c. 

Vapor  pressure 

h. 

Hexacelsian 

d. 

One  atmosphere 

i. 

Celsian 

e. 

Rhombic  paracelsian 

3- 

Melt 

f. 

Monoclinic  paracelsian 

k. 

Paracelsian 

g- 

Monoclinic  celsian 

1. 

Rhombic  celsian 

a  metastable  modification,  transforming  to  the  celsian  form  at  295°,  at  all 
temperatures. 

Ivukina  and  Panova  [4],  by  growing  monocrystals  by  the  method  of 
Verneil,  obtained  a  hexagonal  modification,  which  thus  is  the  highest  tempera¬ 
ture  form.  The  monocrystals  obtained  were  uniaxial,  positive,  negative 
elongation,  direct  extinction. 

Lin  and  Foster  [10]  carried  out  long  tests  under  hydrothermal  and  ’’dry" 
conditions.  It  was  determined  that  monoclinic  celsian  is  stable  from  room 
temperature  to  1590°,  when  it  slowly  and  reversibly  changes  to  the  hexagonal 


in  i  i  1 1 


-  296  - 


TABLE  2 

INVARIANT  POINTS  OF  BaO  —  j 
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a.  Phases 
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d.  Weight  % 

e.  Mole  % 
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g.  Liquid 

h.  Solid  solution 

i.  Reactions 

j.  Eutectic 
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form  (hexacelsian).  The  latter  is  stable  up  to  the  melting  temperature  of 
1760°  (Fig.  190b).  Hexacelsian  is  easily  supercooled  and,  in  the  metastable 
state,  it  quickly  and  reversible  changes  to  the  rhombic  foi  n  at  300°.  Para- 
celsian  (the  authors  used  the  natural  metal)  is  metastable  at  all  temperatures; 
it  changes  monotropic  ally  into  celsian  proper  through  the  hexacelsian  stage. 
These  transitions  are  observed  at  500°  and  perhaps  at  still  lower  temperatures. 

As  we  see,  there  are  three  points  of  view  on  polymorphism  of 
BaAlgSigOg,  which  are  reduced  to  different  interpretation  of  the  position  of 
the  hexagonal  form  in  tl.e  system:  1.  Hie  hexagonal  form  is  always  meta¬ 
stable  (Grebenshchikov);  2.  The  hexagonal  form  is  stable  in  a  lower  tempera¬ 
ture  region  than  monoclinic  celsian  (Ycshiki  and  colleagues,  Seki  and  Kennedy); 

3.  The  hexagonal  form  is  the  highest  temperature  form,  melting  equiponderantly 
(Ivukina  and  Panova,  Lin  and  Foster) . 

Gebert  [8]  and  Kockel  and  Oehlschlegel  [9]  have  obtained  a  new  barium 
aluminosilicate,  BaO*  AlgO^*  SiOg.  Gebert  heated  a  mixture  of  the  composition 
4BaO  -h  SAlgOg  4*  3Si02  in  a  platinum  crucible,  at  temperatures  between 
1380  and  1450°,  from  1  to  14  days.  The  formula  of  the  new  compound  was 
determined  by  means  of  an  electron  microanalyzer.  Having  hexagonal  sym¬ 
metry,  the  crystals  had  unit  cell  parameters  =9.9  and  Cq  =18. 59  A. 

Kockel  and  Oehlschlegel [9]  obtained  BaO*  AlgOg*  SiOg  by  means  of  a 
solid-phase  reaction  at  1380-1400°.  The  space  group  of  the  crystals  is  P6g, 
indices  of  refraction  Ng  =  1.636,  Np  —  1.628,  the  crystals  are  colorless, 
there  is  insignificant  cleavage  parallel  to  (0001),  and  a  strong  anomaly  of  the 
optical  axis  is  characteristic:  2V  =  0-30°.  The  incongruent  melting  tempera- 


The  authors  did  not  find  solid  solutions  between  the  compound  BaO* 


O 


o 


AlgOg*  SiOg  and  the  compounds  3BaO*  3AlgOg*  2SiC>2  and  BaO*  SiOg,  or  for  the 
concentration  region  from  55  mole  %  AlO^  g,  27  mole  %  BaO,  18  mole  % 

SiOg  to  30  mole  %  A1C1  e.,  38  mole  %  BaO  and  32  mole  %  SiOg,  and  only  one 
compound,  the  unit  cell  parameters  of  which  were  practically  constant,  was 
found  together  with  celsian  and  the  binary  compounds. 

Planz  and  Mueller-Hesse  [12]  apparently  obtained  the  compound  BaO* 
AlgOg*  SiOg,  since  the  values  of  the  interpla.ie  distances  and  intensities  which 
they  presented  coincide  with  those  obtained  by  Kockel  and  Oehlschlegel. 
According  to  the  data  of  these  autnors,  the  compound  being  discussed  melts 
incongruently  above  1550°,  forming  BaO*  AlgOg,  hexagonal  BaO*  AlgOg*  2  Si09 
and  liquid. 

Toropov  and  colleagues  determined  the  concentration  region  of  the  sys¬ 
tem  in  which  glass  can  be  obtaineu. 


f 


i  % 
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O  ZnO  "  A12°3  *”  Si°2 

The  system  has  been  studied  by  Bunting  [2J.  Ternary  compounds  were 
not  found.  Incoherent  melting  of  muilite  is  indicated  in  the  diagram  introduced 
by  Bunting  (Fig..  191).  In  connection  with  the  work  of  Toropov  and  Galakhov  £  1]* 
demonstrating  the  congruent  nature  of  melting  of  muilite,  the  direction  of  the 
lines  fixing  the  boundaries  of  the  corundum  and  muilite  fields  must  be  changed. 
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Fig.  191.  Phase  diagram  of  ZnO  - 
system  (from  Bunting). 

Key: 

a.  Mullite 

b.  Mole  % 
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Y2°3  -  Ai203  -  Si02 

The  system  has  been  studied  by  Bondar1  and  Galakhov  [1],  by  the  quenching 
method.  Ternary  compounds  were  not  found.  A  phase  diagram  of  the  system, 
with  isotherms  plotted,  is  presented  in  Fig.  192.  The  diagram  consists  of  11 
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Fig.  192.  Phase  diagram  of  YgOg  --  AlgOg 
system  (from  Bondar'  and  Galakhov). 


a.  Two  liquids 

b.  Weight  % 


fields  of  stability  of  the  corresponding  phases.  The  phase  separation  region 
extends  up  to  5  weight  %  AlgOg  in  the  ternary  system.  Addition  of  alumina 
to  a  mixture  of  oxides  in  the  Y203  —  SiOg  system  shrinks  the  phase  separation 
region.  While  considerable  phase  separation  regions  form  and  the  production 
of  transparent  glass  is  hampered  in  binary  silicate  systems  with  rare  earth 
element  oxides,  with  addition  of  Al2°3'  a  region  of  opalescent  glass  (AlgOg 

content  8  weight  %)  exists,  together  with  a  liquation  region.  At  a  higher  AlgOg 
content,  the  glass  is  transparent. 
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INVARIANT  POINTS  OF  YgOg  —  A^Og  —  SiOg  SYSTEM 
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Key: 

a.  Points  (Fig.  192) 

b.  Phases 

c.  Process 

d.  Composition,  weight  % 

e.  Temperature,  °C 

f.  Liquid 

g.  Eutectic 

h.  Reaction 
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Nd2°3  -  A^2°3  ”  Si°2 

The  system  has  not  been  studied.  For  the  purpose  of  ascertaining  the 
effect  of  alumina  on  liquation  processes  in  the  NdgO^  —  SiOg  system,  Toropov 
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and  Kiseleva  [1]  added  Al^O^  to  mixtures  containing  80-90  mole  %  SiOg. 
Aluminum  oxide  does  not  eliminate  phase  separation  of  the  liquids,  hut  it 
changes  the  mutual  distribution  of  the  liquids  in  the  mass:  in  place  of  separate, 
considerable  regions, very  fine  drops  form. 
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PbO  —  A1203  —  SiOz 

The  system  has  been  studied  by  Geller  and  Bunting  [1]  (Fig.  193).  Three 
ternary  compounds  have  been  distinguished:  8PbO*  Al203*4Si02,  4PbO- 
ALjOg-  2Si02  and  6Fb0*Al203*  6Si02,  melting  below  ’000°. 


Fig.  193.  Part  of  phase  diagram  of  PoO  — 
AlgOg  —  SiOg  system  in  region  adjacent  to  lead 
oxide  (from  Geller  and  Bunting). 


Key: 

a.  Corundum 

b.  Weight  % 
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TABLE  1 

INVARIANT  POINTS  OF  PbO  —  AlgOg  —  SiOg  SYSTEM 
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Key: 

a.  Phases 

b.  Piocess 

c.  Composition,  weight  % 
ci.  Temperature,  °C 

e.  Liquid 
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TABLE  2 

CRYSTALLINE  PHASES  OF  PbO  —  A1203  —  Si02  SYSTEM 
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Key: 

a.  Compound 

b.  Appearance 

c.  Optical  sign 

d.  Optical  characteristics 

e.  Rods 

f.  Sheets 

g.  Prisms 

h.  Direct  extinction,  negative  elongation 
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CrgOs  --  AlgOg  ~~  Si°2 

A  fusibility  diagram  of  the  system  has  been  plotted  by  Bron  [1],  and 


solid  solutions  of  chromium  oxide  in  mullite  have  been  studied  by  Ford  and 


Rees  [3]  and  Murthy  and  Hummel  [4J. 

f  "'jf  Bron  studied  the  fusibility  of  mixtures  in  the  AlgO^  —  Cr^O^  --  SiOg 

system  by  aggregation  of  cones.  The  refractoriness  of  mixtures  adjacent  to 
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Fig.  194.  Phase  diagram  of  Cr2C>3  --  AlgOg  --  SiOg 
system  (from  Roeder  and  colleagues) . 

Key. 

a.  Mullite 

b.  Corundum 

c.  Two  Fluids 

d.  Weight  % 


the  AlgOg  —  SiOg  side  in  composition,  with  chromium  oxide  content  from 
0  to  30  weight  %,  was  studied.  By  introduction  of  chromium  oxide  in  quantities 
up  to  10  weight  %  to  aluminosilicate  masses  with  variable  AlgOg  content  (from 
20  to  80%),  reduction  in  refractoriness  of  the  mixtures  does  nut  occur.  This 
is  connected  with  the  formation  of  solid  solutions  of  Cr2C>3  in  mullite  and 
corundum.  Upon  adding  more  than  10%  chromium  oxide  to  a  mixture  of 
and  Si02,  dissociation  of  mullite  occurs. 

According  to  the  data  of  Ford  ani  Sees  [3],  unde’’  equilibrium  conditions 
at  1600°,  mullite  can  accept  about  8  weight  %  chromium  oxide  in  a  solid  solution. 
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Fig.  195.  Diagram  of  phase  relationships  of  Cr2C>3  -- 
AlgOg  —  SiOz  system  (from  Roeder  and  colleagues): 
a.  1800°;  b.  1575°. 

Key: 

c.  Mullite 

d.  Corundum 

e.  Cristobalite 

f.  Weight  % 


with  small  expansion  of  the  mullite  unit  cell  parameters  in  this  case.  Further 
(  over  8%)  addition  of  chromium  oxide  leads  to  dissociation  of  the  mullite,  in 
whicn  the  alumina  freed  forms  a  solid  solution  with  chromium  oxide,  and  the 
remaining  alumina  gives  a  melt,  with  silica  separating  out  upon  decomposition 
of  the  mullite.  At  a  composition  of  53%  mullite  +  47%  CrgO^,  mullite  was 
completely  dissociated  and,  at  room  temperature,  the  product  contained  a 
solid  solution  of  "alumina  --  chromium  oxide"  and  about  20%  glass. 
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Murthy  and  Hummel  [4]  have  determined  that  from  8  to  10  weight  %  of 


chromium  oxide  can  enter  the  mullite  structure.  Reaction  of  mullite  with 
Cr^Og  begins  at  1400°  and,  at  1700°,  dissociation  of  a  small  quantity  of  mullite 
takes  place,  with  formation  of  corundum. 

The  system  has  been  studied  in  detail  by  Roeder  and  colleagues  [5], 
using  the  quenching  method.  The  phase  diagram  presented  in  Fig.  194  is 
characterized  by  a  very  large  field  of  corundum  solid  solutions  and  a  long, 
narrow  field  of  mullite.  The  cristobalite  field  is  extremely  small.  Cristobalite, 
a  mullite  solid  solution  of  the  composition  61  weight  %  AlgO^,  10  weight  % 

OgOg  and  29  weight  %  SiC^,  and  a  corundum  aolid  solution  of  the  composition 
19  weight  %  AlgOg  and  81  weight  %  Cr2C>3,  coexist  in  a  triple  eutectic,  with  a 
liquid  of  a  composition  6  weight  %  AlgOg,  1  weight  %  CrgCb  and  93  weight  % 
SiOg,  at  a  temperature  of  1580°. 

A  large  region  of  two  immiscible  liquids  covers  the  primary  phase  field 
of  corundum  solid  solutions.  The  :  egion  of  immiscible  liquids  on  the  Si02  — 
CrgOg  boundary  i3  in  equilibrium  with  the  solid  phase  at  a  temperature  of 
2250°,  and  the  minimum  temperature  of  existence  of  the  liquation  region  ic 
approximately  1950°.  The  phase  ratios  at  1809  and  1575°  are  presented  in 
Fig.  195.  The  authors  determined  the  parameters  of  the  mullite  solid  solutions, 
which  can  be  considered  to  be  an  AlgSigO^g  --  CrgSigO^  series.  Diagrams 
are  presented  in  the  article,  which  show  the  pathways  of  split  (fractional)  and 
equilibrium  crystallization.  According  to  Chadeyron  and  Rees  {2],  addition  of 
15%  chromium  oxide  to  a  sillimanite  refractory  increases  its  resistance  to  the 
action  of  iron  slags. 
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MnO  —  A12Os  —  Si02 

The  system  has  been  studied  by  Glaser  [2],  Snow  [3]  and  Galakhov  [1]. 

Glaser  established  the  formation  of  only  two  ternary  compounds. 

Snow,  conducting  a  study  by  the  quenching  method,  showed  (Fig.  196), 
by  heating  samples  in  a  nitrogen  atmosphere  (the  MngOg  content  was  negligible 
in  this  case)jthat  there  are  the  follc  -v  ng  three  ternary  compounds  in  the  system: 
spessartite  or  manganese  garnet  (3MnO-  A'^O^'  3Si02),  melting  at  1200°, 
"manganese  cordierite"  (2MnO*  2Al2Og*  5Si02),  melting  with  decomposition, 
forming  mullite  and  liquid,  and  "manganese  anorthite"  (MnO*  AlgO^*  2Si02>. 
"Manganese  anorthite"  decomposes  at  1055°,  with  formation  of  mullite  and 
glass  and,  with  repeated,  prolonged  heating  at  1120-1150°  and  intermediate 
cooling,  it  is  replaced  by  "manganese  cordierite.  "  "Manganese  cordierite" 
is  similar  in  structure  to  common  cordierite  (2MgO*  2Al20g*  SSiOg).  "Man¬ 
ganese  anorthite"  can  only  hypothetically  be  compared  with  common  'morthite. 
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Fig.  196.  Phase  diagram  of  MnO  —  AlgOg  --  Si02 
system  (from  Snow). 
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Galakhov,  studying  the  region  adjacent  to  alumina,  established  the  boundary 
between  the  mullite  and  corundum  fields.  On  the  diagram,  which  combines  the 
data  of  Snow  and  Galakhov  (Fig.  197),  the  position  of  the  mullite  --  corundum 
boundary  is  in  conformance  with  the  invariant  reaction  point  of  the  mullite, 
corundum  and  "manganese  cordierite"  fields  and  the  corresponding  eutectic 
point  of  the  alumina  --  silica  system.  In  a  large  concentration  region  of  the 
system,  glass  can  be  obtained. 
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FeO  --  A1203  —  SiOg 

The  system  has  been  studied  by  Schairer  and  Yagi  [7]  and  by  Galakhov  [1], 
In  study  of  this  system  (as  in  all  systems  with  FeO),  the  possibility  of  forming 
ferric  oxide  (Fe2Og)  must  be  taken  into  account  [7J.  In  fusing  mixtures  of 
FeO,  AlgOj  and  Si02  in  an  electric  arc,  FegOg  (up  to  3.  5  weight  %,  according 
)  to  Galakhov,  at  a  23  weight  %  FeO  content)  forms  in  the  melts.  Schairer  and 
Yagi  have  investigated  the  region  adjacent  to  the  FeO  --  SiOj,  side.  Galakhov 
has  studied  the  alumina  apex  of  the  diagram.  Osborn  and  Muan  [6],  taking 
account  of  the  data  of  Schairer  and  Yagi  and  Galakhov,  have  plotted  a  phase 
diagram  of  the  FeO  —  A12C>3  —  SiC>2  system  (Fig.  198),  using  the  data  of 

\ 

Toropov  and  Galakhov  (2]  and  Fischer  and  Hoffmann  (5]  on  the  AlgOg  --  Si02 
and  FeO  —  AlgO^  systems-  A  single  ternary  compound  2FeO*  2A1203*  5Si02, 
iron  cordierite,  stable  in  the  presence  of  a  melt,  exists  in  the  system.  At 
1210°,  iron  cordierite  undergoes  decomposition  into  mullite,  tridymite  anil 
melt.  Iron  cordierite  forms  feathery  and  fibrous  aggregates  of  crystals, 
having  a  negative  principal  zone  and  indices  of  refraction  Ng  —  1.574,  Nm  = 

1. 564  and  Np  —  1.  551.  The  crystals  are  in  the  rnombic  system;  (~)2V  is 
large.  As  a  consequence  of  the  low  crystallization  rate  of  iron  cordierite, 
j  the  formation  of  metastable  invariant  points  in  the  system  is  possible:  fayalite  4 
tridymite  4  spinel  4  liquid  at  1073  it  5°  and  mullite  4  hercynite  4  tridymite  4- 
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Fig.  198.  Phase  diagram  of  FeO  --  A^Og  --  Si02 
system  (from  Osborn  and  Muan). 
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liquid  at  1205  jt  10°.  Brownell  [3],  heating  a  mixture  of  FeO  and  mullite  at 
1000°  for  a  period  of  44  hours,  did  not  detect  the  formation  of  solid  solutions. 

At  1192°,  i.  e.,  in  the  subsolidus  region,  FeO  reacts  with  mullite,  with  formation 
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of  FeAl204  and  Fe2SiC>4.  Schrairer  and  Yagi  obtained  glass  in  the  FeO  -- 
A1203  --  Si09  system. 

Schreyer  and  Schairer  [9]  have  shown  that  silica-base,  quartz -like 
solid  solutions  form  in  the  partial  section  FeAl204  —  SiOg,  but  their  concen¬ 
tration  region  is  smaller  than  in  the  MgO  --  AlgOg  --  SiOg  system.  Accord¬ 
ing  to  Schreyer  [8],  iron  cordierite  is  stable  under  hydrothermal  conditions 
only  above  400-600°  (correspondingly,  below  6-10  kbar). 
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Coes  [4]  synthesized  almandine  garnet  at  a  pressure  of  10  kbar  and  a 


temperature  of  800-900°.  At  normal  pressure  and  a  temperature  of  900°, 
almandine  decomposes  in  the  solid  state,  with  formation  of  hercynite,  iron 
cordierite  and  fayalite.  The  index  of  refraction  of  almandine  glass  is  1. 662. 
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Fe2°3  “  A12°3  ~~  Si°2 

The  system  has  been  studied  roughly  by  Nowotuy  and  Funk  [6].  Mixtures 
of  the  oxides  were  melted  in  an  oxygen  atmosphere  (pressure  110  atm). 

Ternary  compounds  were  not  found.  In  the  fusibility  diagram,  represented  by 
dashed  lines  (Fig.  199),  a  triple  eutectic  is  recorded,  located  close  to  the 
silica  apex,  has  been  recorded,  as  well  as  ~  reaction  point,  at  which  the 
following  process  takes  place:  corundum  (solid  solution)  4-  liquid  =  mullite 
(SAlgOg*  2Si02)  "l"  hematite  (solid  solution).  The  authors  did  not  observe 
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Fig.  199.  Approximate  fusibility  diagram  of  Fe2C>3  -- 
AlgOg  —  SiOz  system  and  coexisting  phase  triangles 
for  1000°  (from  Nowotny  and  Funk). 

Key: 
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Si9~ 


Fig  200.  Diagram  of  phase  relationships  of  FegCMFeO) 
A3  2^3  ~  SiOg  system  (from  Muan). 

Key: 
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solubility  of  FegOg  in  cristobalite.  Compounds  were  not  found  (at  1400°)  in 
the  binary  system  FegOg  —  SiOgi  FegO,  melts  at  1730°. 

•)  The  phase  equilibria  in  the  system  at  the  liquidus  temperatures  in  air 

have  been  studied  by  Muan  [4]  (Fig.  200).  The  dashed  lines  correspond  to  the 
equilibrium  ratio  of  FegOg  —  FeO  on  the  Liquidus  surface,  and  they  show 
the  location  of  points  on  the  0.21  atm  Og  isobaric  surface,  relative  to  the 
FegOg  (FeO)  —  AlgO^  —  SiOg  plane.  The  presence  of  two  quadruple 
"penetrating  (piercing)  points"  is  characteristic  of  the  system. 

Brownell  [3]  has  studied  the  solid  solutions  of  mullite  and  iron  oxide 
(hematite).  A  mixture  of  these  substances  was  annealed  in  air  at  temperatures 
}  from  1000  to  1300°.  With  the  increase  in  temperature,  the  amount  of  Fe203 
dissolving  in  mullite  increased,  amounting  to  1  mole  %  at  1000°,  3  mole  % 
at  1100°,  10  mole  %  at  1200°  and  18  mole  %  at  1300°.  Inclusion  of  FegO^  in 


the  mullite  lattice 
creased  in  this  case. 


caused  its  expansion.  The  index  of  refraction  in- 


'  Thermal  soaking  of  the  solid  solution  caused  its  decomposition,  with 

separation  of  ferric  oxide;  the  solid  solution  obtained  at  1300°  disclosed  de¬ 
composition  at  1200°,  progressing  with  decrease  in  temperature  to  900°. 
Ferrous  oxide  (FeO)  does  not  dissolve  in  mullite  and,  at  1192°,  vhe  formation 
of  ferrous  aluminate  and  silicate  is  observed. 

According  to  Murthy  and  Hummel  [5],  the  maximum  Fe2C>3  content  in 
m.  llite  is  10-12  weight  %  at  a  temperature  of  1450°. 

Plekhanova  and  colleagues  [2]  obtrmed  solid  solutions  of  mullite  with 
)  ferric  oxide  by  annealing  (1300°)  a  mixture  of  kaolinite  and  FegOg,  with 
subsequent  treatment  with  hydrofluoric  acid.  The  maximum  concentration 
of  Fe_0Q  in  the  soiid  solution  at  1300°  is  10  weight  %. 
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Berezhnoy  [1]  carried  out  triangulation  of  the  system,  showing  that 
mullite  coexists  with  FegOg  and  FeAlOg. 
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CoO  —  AJ2Os  —  Si02 

The  system  has  been  studied  by  Dayal  and  colleagues  [1]  by  the  quench¬ 
ing  method.  Crystalline  phases  are  shown  in  Fig.  201,  which  occur  in  equi¬ 
librium  with  liquid;  mullite  (approximate  composition  AlgSigO^),  spinel 
(CoAlgO^),  cobalt  orthosilicate  (cugSiO^),  cobalt  monoxide  (CoG),  corundum 
and  silica  (tridymite  or  cristobalite).  It  was  shown  by  special  tests  that  change 
in  oxygen  pressure  does  not  have  an  effect  on  the  position  of  the  invariant 
points,  i.  e. ,  ail  of  the  cobalt  is  in  the  divalent  state.  The  coexisting  phase 
triangles,  as  well  as  the  invariant  point  temperatures,  are  presented  in  Fig. 


Noda  and  Ushio  [2]  produced  crystallization  of  glass  at  pressures  of 
}  20-40  kbar  and  temperatures  of  600-1900"  and  cobalt  garnet  3CoO*  AlgO^*  3Si02, 

stable  at  temperatures  of  1200  (pressure  23  kba.  )  and  1500®  (24  kbar).  At 
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(  ) 

'  -  lower  P  and  t,  dissociation  takes  place,  with  formation  of  CoO' AlgOg,  2CoO" 
Si02  and  quartz.  The  bright  red  crystals  have  N(D)  •  1.  8 2~  0.01  {25°)  and 
unit  cell  parameter  a  =  14. 473  it  0. 008  A. 


) 
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Fig.  201.  Phase  diagram  of  CoO  --  AlgOg  --  Si1 
system  (from  Dayal  and  colleagues). 
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1)  Fig.  202.  Coexisting  phase  triangles  of 

CoO  —  AlgO^  —  Si02  system  (from 

Dayal  and  colleagues). 
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NiO  --  A1203  --  Si02 

The  system  has  been  studied  by  Phillips  and  colleagues  [IJ  by  the  quench¬ 
ing  method.  The  phases  were  identified  microscopically,  and  the  X-ray  method 
was  used  sometimes.  The  authors  gave  a  phase  diagram  of  ternary  system 
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Fig.  203.  Phase  diagram  oi  NiO  --  AlgOg  --  SiOg 
system  (froir  Phillips  and  colleagues). 

Key: 
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(Fig.  203).  Ternary  compounds  were  not  noted.  The  partial  binary  systems 
\ .  J’  NiO'AlgOg  —  SiOg  and  NiO»AlgOg  --  SAlgOg'ZSiOg  are  binary  eutectics,  and 


no  other  crystalline  phases  were  observed,  apart  from  the  extremes.  The 
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Fig.  204.  Phase  diagram  of  partial 
system  2NiO*SiC>2  --  NiO'AlgOg  (from 
Phillips  and  colleagues). 
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partial  system  2^0*  SiOg  --  NiO’AlgOg  (Fig.  204)  is  binary  only  below  1450°. 
Above  1450°,  a  liquid  phase  appears  and  two  three-phase  regions  are  formed: 
a  region  where  NigSiO^  (nickel  olivine),  NiO  and  liquid  coexist  and  a  region  of 
coexistence  of  NiAlgO^  (nickel  spinel),  NiO  and  liquid.  The  dissociation 
temperature  of  nickel  olivine  decreases  from  1545  to  1490°  in  the  presence  of 
NiAl204,  which  is  a  consequence  of  the  solubility  of  NiAlgO^  in  NigSiO^.  The 
phase  separation  region  of  the  melt  adjoins  the  SiOg  —  NiO  boundary  line. 

The  authors  draw  attention  to  the  presence  of  a  Ni2Si04  field  in  the  triple 
diagram,  in  which  this  compound  is  in  equilibrium  with  the  liquid,  although 
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nickel  olivine  is  unstable  at  the  liquidus  temperature  in  the  binary  system 
NiO  —  SiOg.  In  the  opinion  of  the  authors,  this  situation  is  the  only  example 
found  up  to  now  in  a  system  of  refractory  oxides. 
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GALLIUM  SILICATE  SYSTEMS 


A12°3  ""  Ga2°3  ”  Si°2 


Orlov  [1J  has  studied  the  partial  profile  3Al2Og*  2Si02  (mullite) 
GagOg,  by  the  quenching  method. 
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Fig.  205.  Phase  diagram  of  partial  system 
SAlgOg*  2Si02  --  Ga2^g  (from  Orlov). 
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As  a  result  of  X-ray  and  IR  spectroscopic  studies,  it  has  been  determined 
that  the  maximum  solubility  of  gallium  oxide  in  mullite  is  35  mole  %  GagOg. 

A  phase  diagram  of  the  profile  being  discussed  is  presented  in  Fig.  205.  A 
eutectic  containing  70  mole  %  GagOg  melts  at  1620°.  The  limiting  bolid  solution 
has  indices  of  refraction  Ng  —  1.  677  and  Np  =  1. 664;  pycnometric  density  is 

O 

3. 69  g/cm  ;  unit  cell  parameters  are  a  —  7.  632,  b  —  7.  749  and  c  —  2. 909  A. 
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YTTRIUM  SILICATE  SYSTEMS 
MgO  —  Y203  —  SiC2 

Suva  and  colleagues  [1]  have  shown  that  a  region  of  solid  solutions  with 
the  apatite  structure  exists  in  the  system.  Synthesis  was  conducted  by  re¬ 
peated  annealing  (with  intermediate  grinding)  of  the  appropriate  mixtures  at 
a  temperature  of  about  1500°  in  air.  The  composition  of  the  solid  solution 
varied  from  (Y^gJSigOj 3  to  (Yg  gMgj  3)Sig  4°13- 

The  hexagonal  unit  cell  of  (Y^Mg)  Si,C>13  had  the  parameters  a^  =  9.298  — 
0.002  and  Cq  1  6.  635  0.001  A.  The  indices  of  refraction  of  this  compound 

are  Ne  =  1.81J  ±  0.005  and  No  =  1.820  i  0.005. 
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Fig.  206.  Phase  diagram  of  partial  system 
CagSiO^  —  Y^(Si04)g  (from  Toropov  and 
Fedorov) 

Key: 

a.  Weight  % 


)  undergoes  thermal  decomposition.  The  formation  of  limited  Ca2SiC>4-base 
solid  solutions  was  established.  The  maximum  concentration  of  Y4(Si04)g 
is  42.  5  —  2.5  weight  %.  For  the  limiting  solid  solution,  the  indices  of  re- 

3 

fraction  are  Ng  =  1.  721  and  Np  =  1.  717;  density  is  3.  52  g/cm  , 

The  phase  diagram  of  the  C32Si04  —  Y^SiO^g  system  presented  in 
Fig.  206  is  characterized  by  a  eutectic  of  the  solid  solution  and  yttrium 
orthosiiicate,  having  a  composition  of  51  weight  %  '/^(SiO^g  +49  weight  % 
CagSiO^,  melting  at  1750  il  20°.  Compounds  of  the  anorthite  type  CaY2(Si04> 
were  not  found. 


Depending  on  the  composition  ,  the  solid  solution  takes  on  the  structure 
of  one  of  the  three -temperature  modifications  of  dicalcium  silicate,  c( ,  cC 


or  @ .  With  an  yttrium  orthosilicate  content  of  up  to  5  weight  %,  the  structure 

of  the  solid  solution  corresponds  to  ^Ca2Si04,  at  a  Y^(Si04)3  content  between 
10  and  20  weight  %,  the  X-ray  photo  corresponds  to  c(%  Ca2Si04  and,  finally, 
the  higher  content  of  the  dissolved  substance,  the  (X  Ca2Si(>4  structure  is 
present. 

Boykova  and  colleagues  [1]  have  studied  solid  solutions  in  the  series 
3CaO*  SiC>2  —  Y203*  SiOg.  The  maximum  concentration  of  yttrium  silicate 
was  5  weight  %. 

Sokolov  and  colleagues  obtained  the  compound  Ca^  5Y3(SiC>4)3,  with 
the  apatite  structure,  and  having  luminescence  properties  [2],  This  compound, 
with  a  melting  temperature  of  1680°,  has  indices  of  refraction  Ng  =  1.  809  and 

Np  =  1. 806;  the  pycnometric  density  is  3.  82  g/cm  ,  the  calculated  is  3.  86 

3  i  ,i 

g/cm  ;  the  hexagonal  unit  cell  parameters  are  a=  9.39  I  0. 03  and  c  =•  6.  79  — 


0.02  A. 
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SrO  —  Y2Os  —  Si02 

Toropov  and  Mao  Chzhi-tsyun  [1;  2]  have  studied  two  partial  profiles: 
Sr2(Si04)  —  Y4(Si04>3  and  SrgSiOg  —  YgSiOg.  The  first  pseudobinary  system 
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Fig.  207.  Phase  diagram  of  partial  system 
SrgtSiO^)  —  Y^(SiO^>2  (.from  Toropov  and 
Mao  Chzhi-tsyun) . 


a.  Weight  % 

was  studied  in  the  1650-2100°  temperature  range  by  the  qrenching  method. 

The  formation  of  Sr2Si04~base  solid  solutions  was  established.  The  limiting 
solid  solution  contains  25  weight  %  Y^SiO^g.  The  eutectic  of  these  solid 
solutions  and  yttrium  orthosilicate  contains  50.  3  weight  %  (30  mole  %)  Y^SiO^g, 
and  it  melts  at  1700°  (Fig.  207). 

Strontium  orthosilicate  melts  without  decomposition  at  2060  i  50°. 

The  indices  of  refraction  of  pure  SrgSiO^  are  Ng  =  1.  756  —  0.002  and 

Np  -  0.727  —  0.002.  With  increase  in  yttrium  orthosilicate  content  in  the 

solid  solution,  the  indices  of  refraction  of  the  latter  increase  and  reach  up  to 

Ng  =  1.761  ±  0.002  and  Np  -  1.737  i  0.002;  on  the  other  hand,  the  density 

3 

decreases  from  4.  51  to  4.40  g/cm  . 
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The  pseudobinary  system  SrgSiOg  —  YgSiOg  has  been  studied  in  the 
region  adjacent  to  strontium  silicate,  where  solid  solutions  were  found.  An¬ 
nealing  of  compressed  samples  was  carried  out  at  (.400°.  The  solubility  limit 
of  Y2SiOg  in  Sr^SiOg  is  3  weight  %.  Ternary  chemical  compounds  were  not 
found. 
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LANTHANIDE-SILICATE  SYSTEMS 
MgO  --  La203  —  Si02 

Toropov  and  Mao  Chzhi-tsyun  [1]  limited  themselves  to  study  of  the 
Mg2(SiC>4)  --  La4<Si04>3  profile.  In  this  partial  system,  formation  of  solid 
solutions  and  ternary  chemical  compounds  does  not  take  place.  The  system 
is  a  simple  eutectic  (the  eutectic  contains  approximately  17  mole  %  La4(Si04>3, 
and  it  melts  at  a  little  over  1500°). 
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CaO  --  L&203  --  SiOg 

The  system  has  not  been  studied.  Toropov  and  Fedorov  [2]  studied  the 
binary  profile  Ca2Si04  —  La4(Si04)3  by  the  quenching  method,  in  the  range  from 
1650°  to  the  melting  temperature  (at  1650°,lanthanum  orthosilicate  dissociates 
thermally).  One  region  of  solid  solutions  has  been  established  in  the  system, 
with  concentrations  from  0  to  35  weight  %  La4(Si04)3.  The  eutectic  of  the  solid 
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solution  and  La^(SiO^) ^  contains  57  weight  %  of  the  latter,  and  it  melts  at 
1770  ±  25°  (Fig.  208). 
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Fig.  208.  Phase  diagram  of  partial 
system  CagSiO^  —  La^(SiO^)g  (from 
Toropov  and  Fedorov) . 

Key: 

a.  Weight  % 

Toropov  and  Fedorov  [3]  have  shown  that,  in  samples  of  the  solid  solution 
quenched  from  1800-1850°,  depending  on  the  lanthanum  silicate  concentration, 
various  high -temperature  forms  of  dicalcium  silicate  are  stabilized:  from 
1  to  10  weight  %  La^(SiO^)g,  the  solid  solution  structure  corresponds  to  the 
^  Ca^SiO^,  from  10  to  15  weight  %  lanthanum  silicate,  together  with  lines 
characteristic  of  ft  CagSiO^,  there  are  lines  corresponding  to  <X 1  CagSiC>4, 
becoming  single  ones  at  20%  lanthanum  silicate  content.  With  further  concentra- 

f 

<  tion  increase  of  the  latter,  a  diffraction  image  is  recorded  corresponding  to 
the  cr  modification  of  OgSiC^. 


t  J 
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Boykova  and  colleagues  [1]  studied  a  portion  of  the  binary  profile 
3CaO*  SiOg  --  LagOg*  SiOg.  Annealing  of  the  appropriate  mixtures  was  carried 
out  at  1400- 1450°,  and  fusibility  of  the  system  was  not  studied.  LagOg*  SiOg 
forms  a  solid  solution  with  tricalcium  silicate;  however,  it  is  difficult  to 
determine  the  maximum  concentration.  It  apparently  is  over  5%,  since  a 
solid  solution  with  a  higher  index  of  refraction  was  obtained,  than  that  for  the 
solid  solution  containing  5  weight  %  LagOg*  SiOg,  namely,  1.  732  vs.  1.  72. 

The  authors  note  that,  in  formation  of  the  solid  solutions,  an  increase 
in  amount  of  CaO  above  the  stoichiometric  3:1  also  takes  place.  The  excess 
CaO  in  the  solid  solution  reaches  3-4  weight  %.  Formation  of  CagSiO^  (in  the 
ft  and  y  forms)  was  observed  simultaneously. 
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SrO  LagOg  ““  SiOg 

Toropov  and  Mao  Chzhi-tsyun  [1,  2]  have  studied  two  binary  profiles: 
SrgSiO^  --  La^(SiO^)g  and  SrgSiOg  —  LagSiO^.  The  first  partial  system  was 
studied  by  the  quenching  method  in  the  1600-2100°  range,  i.  e. ,  in  the  stability 
region  of  La^(SiO^)g.  Solid  solutions  form  only  on  the  strontium  orthosilicate 
side,  in  which  the  solubility  limit  of  La4(Si04)g  is  20  weight  %.  The  partial 
;  -"‘eiTi  studied  is  of  the  eutectic  type,  with  limited  solid  solutions.  The  eutectic 
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Fig.  209.  Phase  diagram  of  partial 
system  Sr./.SiO^)  —  La4(SiO^)3  (from 
Toropov  and  Mao  Chzhi-isyun). 

Key: 

a.  Weight  % 


contains  50. 9  weight  %  (25  mole  %)  La4(Si04)3,  and  it  melts  at  a  temperature 
of  1730°  (Fig.  209).  The  indices  of  refraction  of  the  solid  solution  increase 
with  increase  in  La4(SiC>4>3  content,  reaching  up  to  Ng  =  1.  765  i  0.  002  and 
Np  =  1.737  i  0.002  at  a  15  weight  %  lanthanum  silicate  content,  solid  soiu- 

O 

tion  densities  increase  to  4.  57  g/cm  ,  ir.  this  case.  A  solid  solution  can  be 
obtained,  not  only  by  crystallization  from  a  melt,  but  as  a  result  of  solid-phase 
reactions,  by  means  of  annealing  si.  1400°  for  a  period  of  5  hours. 

The  partial  system  SrgSiOg  —  LagSiOg  has  been  studied  in  the  concentration 
range  from  0  to  50  weight  °!o,  in  samples  annealed  at  1400°.  The  limiting  solid 
solution  contains  10  weight  %  LagSiOg. 
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Schwarz  [3]  synthesized  ternary  compounds  with  apatite  structure,  having 
some  regions  of  homogeneity. 

For  the  compound  Sr3_yLag  +  2y/3(Si°4)6*  y  can  chan8e  from  +"1  to 
-1;  for  Sr4_yLag  +  2y/3(Si°4)6°J  4  ^  y  >  0  and,  for  Sr2_yLag  +2y/3(Si04)60, 

2  5?  y  ;»0. 
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Y2°3  ""  La2°3  ""  Si°2 

Toropov  and  Gurudas  Mandal  [1]  have  studied  the  Y203*2SiC>2  --  La2C>3' 
2Si02  diorthosilicate  profile  by  the  quenching  method.  The  corresponding 
phase  diagram  is  presented  in  Fig.  210.  The  diagram  is  of  the  type  character¬ 
ized  by  the  presence  of  only  limited  mutual  solubility  in  the  system,  which 
apparently  is  connected  with  difference  in  structures  of  the  yttrium  and  lanthanum 
diorthosilicates.  The  region  of  coexistence  of  mixtures  of  the  two  solid  solutions 
occupies  a  considerable  portion  of  the  diagram. 

The  compounds  Y2Og*2SiC>2  and  La203'2SiC>2  melt  incongruently  at 
1775  and  1750°,  respectively,  with  decomposition  into  liquid  and  2Y203*  3Si02 
and  2La2C>2*  3Si02  orthosilicates,  the  presence  of  which  is  noted  on  the  diagram. 
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Pig.  210.  Phase  diagram  of  partial 
system  YgSigO^  --  La2Si20?  (from 
Toropov  and  Gurudas  Mandal) , 

Key: 

a.  Weight  % 
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LigO  --  Ce02(Ce01  &)  --  SiOg 

Bayer  and  colleagues  [1]  have  studied  the  crystallization  of  glasses, 
the  content  of  which  included  10-40  mole  %  LigO,  5-15  mole  %  Ce02  and  55-80 
mole  %  SiOg,  in  an  atmosphere  of  air.  They  also  have  studied  the  solid-phase 
reactions  in  inert,  reducing  and  oxidizing  atmospheres.  Trivalent  cerium,  in 
the  presence  of  SiOg,  appeared  even  in  an  oxidizing  atmosphere  at  1400°. 

|  Ternary  compounds  (in  particular,  the  conjectural  LiCeSiO^)  were  not  found. 


Besides  SiO^,  CeOg  and  lithium  silicates,  there  was  only  the  disilicate  of 
trivalent  serium  CegSi^O^,  with  a  large  crystallization  field,  in  the  crystal¬ 
line  phases.  Liquation  was  discovered  with  increase  in  Ce02  and  SiOg  content. 
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Y2°3  Ce2°3  ""  Si°2 

Toropov  and  colleagues  [2]  have  studied  the  partial  system  YgSigO^  -- 
Ce2Si207,  using  the  quenching  method  and  solid-phase  syntheses  from  high 
temperatures  in  an  argon  environment.  Four  regions  of  homogeneity  were 
found  (Fig.  211):  <X  and  ^  solid  solutions,  based  on  the  high -temperature 
and  low -temperature  modifications  of  YgSigOy,  solid  solutions  with  the  structure 
of  CegSigO^  and  the  6  solid  solution  with  a  structure  characteristic  of  di¬ 
orthosilicates  of  the  rare  earth  elements  of  the  first  subgroup. 
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Fig,  211.  Phase  diagram  of  partial 
system  Y2Si207  --  Ce2Si2C>7  (from 
Toropov  and  colleagues). 

Key: 

a.  Mole  % 
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Ito  [3],  ur.aer  certain  conditions  (at  increased  temperatures),  obtained 
four  modifications  of  YgSigO^,  with  transformation  temperatures  of  1225, 

1445  and  1525°,  which  may  be  connected  with  hysteresis  and  differing  degrees 
of  purity  of  the  materials  used.  Bondar1  and  colleagues  [1]  have  studied  the 
luminescence  properties  of  the  solid  solutions  described  above. 
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La2®3  ~~  Ce2^3  ""  ®*®2 

Leonov  [1,2]  has  studied  the  partial  profile  LagSigO^  --  CegSigO^,  in 
which  a  continuous  series  of  solid  solutions  is  observed  in  a  reducing  atmos¬ 
phere.  In  air,  upon  heating  in  the  temperature  range  from  1000  to  1300°, 
solid  solutions  containing  over  50  mole  %  CegSigO^  decompose:  oxidation  of 
cerium  and  formation  of  Ce02  and  SiC>2  take  place.  However,  at  higher  temp¬ 
eratures,  from  1400  to  1500°,  regeneration  of  these  solid  solutions  takes  place, 
since  cerium  is  reduced  here  to  the  trivalent  state.  By  heating  the  initial 
solid  solutions  (obtained  under  reducing  conditions),  containing  75,  30  and  90 
mole  %  Ce2Si20^,  up  to  a  temperature  of  about  1300°  in  air,  16,  25  and  58 
mole  %  of  the  CegSiO^,  respectively,  decomposes.  With  a  50  mole  %  CegSigO^ 
content  and  less,  the  solid  solution  is  stable  in  air  at  all  temperatures  (up  to 
1600°). 
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Nd2°3  Ce2°3  ““  Si°2 

Leonov  [1]  has  studied  the  partial  profile  Nd2Si207  --  Ce2Si207.  Under 
a  reducing  atmosphere,  a  continuous  series  of  solid  solutions  is  observed  and 
the  color  of  the  samples  changes  from  white  (Ce2Si207)  to  light  lilac  (Nd2Si207). 
In  an  atmosphere  of  air,  these  solid  solutions  are  stable  only  in  the  high  temp¬ 
erature  region  (above  1300-1400°).  With  a  Ce2Si2C>7  content  of  less  than  25 
mole  %,  the  solid  solution  is  stable  at  all  temperatures  (up  to  1600°) . 

In  decomposition  of  the  solid  solutions,  oxidation  of  cerium  and  formation 
of  free  CeC>2  and  Si02  take  place.  The  solid  solution  corresponding  to  the 
composition  Ce^  .  75Nd0.  2^Si207  undergoes  the  maximum  decomposition  at 
1250-1300°  (38  mole  %  Ce2Si207  decomposes),  lu  the  solid  solution  of  equi- 
roolecular  content,  under  the  conditions  specified,  3%  of  the  cerium  diortho¬ 
silicate  overall  decomposes. 
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CaO  --  Nd203  —  Si02 

The  system  has  not  been  studied.  Toropov  and  Fedorov  [1]  have  investi¬ 
gated  the  binaiy  profile  Ca2SiO^  --  Nd^(SiO^)3,  using  the  quenching  method, 
in  the  range  from  1650°  to  the  melting  temperature  (below  1650°,  neodymium 


orthosilicate  is  unstable).  A  solid  solution  forms  only  on  a  base  of  CagSiO^, 
and  the  diagram  corresponds  to  a  system  of  the  simple  eutectic  type,  with  a 
eutectic  of  the  solid  solutions  and  neodymium  orthosilicate  (Fif  112).  The 
maximum  concentration  of  the  solid  solution  is  40  -  2.  5  weight  %  Nd^SiO^g. 

The  eutectic  corresponds  to  a  composition  of  55  weight  %  neodymium  silicate. 

The  ternary  compound  CaNdg^iO^g, indicated  by  Tromel  [4],  was  not  found  by 
the  authors. 

Toropov  and  Fedorov  [2]  have  shown  that  three  different  phases  are 
found  in  the  solid  solution  studied,  corresponding  to  the  ^ ,  gl  '  and  c(  CagSiO^, 
according  to  their  X-ray  photos.  With  from  0  to  5  weight  %  Nd^'SiO^)^  content, 
the  solid  solution  has  the  Ca2SiO^  structure,  at  concentrations  from  17  to 
25  .-eight  %  neodymium  orthosilicate,  the  structure  corresponds  to  cC'  CagSiCh, 
and,  in  the  range  from  30  to  40  weight  %  Nd^SiO^,  the  structure  corresponds 
to  tff&gSiOg.  A  mixture  of  structures  is  found  in  some  concentration  sections. 
The  density  and  indices  oi  refraction  of  the  solid  solutions  also  reflect  their 
structural  changes.  In  th°  transition  of  the  solid  solution  from  the  f  Ca^SiO^ 
structure  to  the  structure  of  the  a. 1  form,  an  increase  in  density  and  a  sharp 
decrease  in  birefringence  are  observed.  The  transformation  of  the  d 1  solid 
solition  to  the  cC  modification  structure  is  accompanied  by  a  decrease  in  Doth 
density  and  refraction. 

Refraction,  density,  molecular  refraction  and  melting  temperatures  of 
solid  solutions  of  Nd^SiO^Jg  in  calcium  orthosilicate  are  presented  in  the 
Table. 

Tunik  [3]  has  shown  that,  in  the  partial  £y&k  m  CaSiOg  --  NdgSiO^,  there 
is  a  chemical  compound  with  the  apatite  structure,  having  a  certain  region  of 


Fig.  212.  Phase  diagram  of  partial  system  Ca2SiO 
Nd4(Si04)3  (from  Toropov  and  Fedorov). 

Key:  a.  Weight  % 
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Fig.  213.  Phase  diagram  of  partial 
system  CaSiOg  --  NdgSiOf.  (from  Tunik). 
Key: 

a.  Apatite 

b.  Mole  % 
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INDICES  OF  REFRACTION,  DENSITY,  MOLECULAR 
REFRACTION  (R)  AND  MELTING  TEMPERATURES 
OF  SOLID  SOLUTIONS  OF  NEODYMIUM  ORTHOSILICATE 
IN  CALCIUM  SILICATE 
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Key: 

a.  Composition,  weight  % 

b.  Melting  temperature,  °C 

c.  Density,  g/crn3 

(  j 

'  uniformity:  CaNd^SiO^O  (Fig.  213).  The  uniformity  region  extends  from 
50  to  78  mole  %  NdgSiO,..  The  index  of  refraction  in  this  case  cnanges  from 
Ne  SBS  1.  851  and  Nc  *  1.  861  to  Ne  *  1.  866  and  No  “  1. 885..  The  maximum 


melting  temperature  is  located  at  a  certain  concentration  distance  from  the 


formula  presented  above,  which  is  typical  of  oxyapatite. 
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SrO  —  Nd203  --  SiOz 

Toropov  aud  Mac  Chzhi-tsyun  [1.  2]  have  studied  two  binary  profiles  of 
the  system:  Si'2Si04  --  Nd^{SiO.-)3  and  c'r^SiO^  --  Nd2-SiOg.  The  first  system 
was  studied  by  the  quenching  method  in  the  1650-2500°  range >  i.  e. ,  in  the 
Nd2(Si04>3  stability  region.  A  limited  region  of  Sr2SiC'4-base  aoiid  solutions 
was  found,  with  a  limiting  eoncentr  'n  of  £0  weight  %  Nd4\Si04)3.  The 
eutectic  melted  at  1750°  and  contains  51  weight  %  (24.  3  mole  %)  Na4(Si04)v 
The  indices  of  refraction  and  density  increased  with  increase  in  Nd4(Si04>3 
content  in  the  solid  solution.  At  a  concentration  of  15  weight  %  Nd4(Si04>3, 

Ng  *=  1.  «6<  ±  0.002  and  Np  =  1.  739  —  0.002;  the  density  is  4.  50  g/cm3. 

The  solid  solutions  described  can  be  obtained  as  a  result  of  solid-phase  re¬ 
actions,  by  means  cf  annealing  the  appropriate  mixtures  at  1400°,  with  5- hour 
exposure. 

The  partial  system  Sr^.SiOg  --  NdgSiOg  has  been  studied  only  in  the 
subsolidus  region  (annealing  at  1400°,  5  hours),  with  NdgSiOg  concentrations 
from  0  to  50  weight  %.  The  maximum  content  of  the  SrgSiO^-base  solid  solution 
formed  is  10  weight  f»  NdpSiOg. 

Tunik  [3]  has  studied  the  partial  binary  system  SrSi03  --  Kd2SiOg.  Here, 
a  compound  with  the  apatite  structure  (SrNd^SiO^J  30)  has  teen  found,  having 
^  ?  considerable  region  of  uniformity  (Fig,  214).  The  apatite-like  phase  extends 

from  a  composition  containing  50  mole  %  Nd2SiO-  (the  remainder-  is  SrSiOg) 
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Fig.  214.  Phase  diagram  of  partial  system  SrSiC>3  -- 
NdgSiOg  (from  Tunik). 

Key: 

a.  Apatite 

b.  Mole  % 

to  78  mole  %  NdgSiOg.  The  indices  of  refraction  in  this  case  change  from 
No  =  1. 854  and  Ne  =  1.  844  to  No  =  1.  883  and  Ne  =  1.  864.  The  maximum 
melting  temperature  is  located  at  a  certain  concentration  distance  from  the 
formula  presented  above,  which  is  typical  of  oxyapatite.  The  region  of  apatite 
solid  solutions  is  evident  from  Fig.  215. 
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Fig.  215.  Region  of  apatite  solid  solutions  in  SrO  -- 
NdgOg  —  SiOg  system  (from  Tunik). 

Key: 

a.  Apatite 

b.  Mole  % 
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La2°3  -  Sm203  -  Si02 


The  system  has  been  studied  by  Bondar'  and  colleagues  [1,2],  for  the 
purpose  of  ascertaining  the  formation  of  solid  solutions  in  the  systems  La^O^' 
2SiC>2  --  SmgOg*  2Si02,  2La2Og*  3SiC>2  --  2Sm20g*  3Si02  and  LagOg*  Si02  — 
Sm2C>3*  SiOg.  Phase  diagrams  of  the  systems  formed  by  lanthanum  and 
samarium  silicates,  characterized  by  the  formation  of  continuous  solid  solutions, 
are  presented  in  Figs  216  and  217.  The  appearance  of  solid  solutions  of  the 
2:3  series  in  Fig.  216  is  connected  with  the  fact  that  lanthanum  and  samarium 
diorthosilicates  melt,  with  decomposition  into  the  orthosilicates  (2Ln203* 

3Si02)  and  liquid,  and  that  an  invariant  line  dividing  the  2:3  and  1:2  crystal¬ 
lization  fields  should  exist  on  the  polythermic  profile. 


Sm^Oj  2Si0j  CLox’/,  La^lStO^ 

Fig.  216.  Phase  diagram  of 
partial  system  SmgOg’  2SiC>2  -- 
La^O’  2SiC>2  (from  Bondar'  and 
colleagues). 

Key 

a.  Weight  % 
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Fig.  217.  Phase  diagram  of  partial 
system  Sm203*Si02  --  LagO^*  Si09 
(from  Bondar'  and  colleagues) 

Key: 

a.  Wei^it  % 
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Gd2°3  Dy2°3  ""  Si°2 

Bondar'  and  colleagues  [1]  have  studied  the  phase  diagram  of  three  binary 
profiles:  Gd203*2SiC>2  --  Dy^Og*  2Si02,  2C  dgOg*  3Si02  --  2Dy203*3SiC>2  and 
Gd203‘  SiOg  —  Dy203-  SiOg.  The  formation  of  continuous  solid  solutions  is 
characteristic  of  these  three  partial  systems. 
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Fig.  218.  Phase  diagram  of  partial  system 
2Gd20g*3Si02  --  2Dy203‘3Si00  (*rom  Bondar5 
and  colleagues). 

Key: 

a.  Weight  fo 
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A  phase  diagram  of  the  pseudobinary  system  2Gd203‘  3SiG2  --  2Dy203‘ 


3Si02  is  presented  in  Fig.  218.  The  compounds  2Gd203*  3Si02  and  2Dy203* 
33i02  are  stable  «.'jove  1630  and  1650°,  respectively,  decomposing  into  a  mix¬ 
ture  of  orthosilicates  (1:1)  and  diorthosilicates  (1:2)  below  these  temperatures. 
This  is  reflected  in  the  diagram. 
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Y2°3  ■"  Er2°3  ~~  Sl°2 

Galakhov  and  colleagues  [1]  have  plotted  a  phase  diagram  of  the  three 
binary  profiles:  YgOg'SiOg  --  Er203*  SiOg,  Y203*2Si02  --  ErgOg- 2Si02, 
2Y20^3Si02  --  2Er203*  3SiO.  The  formation  of  limited  solid  solutions  is 
characteristic  of  the  Y203’2Si02  —  Er203"2Si02  and  2Y203*3Si02  —  2Er203* 
3Si02  systems  (Figs.  219,  220),  Continuous  solid  solutions  form  in  the  YgOg- 
SiOg  --  Er203*Si02  system  (Fig.  221).  The  compound  Y203*2Si02  melts  at 
1775°,  with  decomposition,  forming  2Y203’  3SiO^  and  liquid,  which  is  reflected 
in  the  appearance  of  the  2Y203’  3Si02  solid  solution  field  (mixed  with  liquid)  in 
Fig.  219. 


Fig.  219.  Phase  diagram  of  partial  system 
Y203*2Si02  --  Er203*2Si02  (from  Galakov 

and  colleagues). 

Key:  a.  weight  % 
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Fig.  220.  Phase  diagram  of  partial  system 
2Y20;i-3Si02  --  2Er203'3Si02  (from 
Galakhov  and  colleagues). 

Key: 

a.  Weight  % 


Fig.  221.  Phase  diagram  of  partial  system 
YgOg'SiO  --  ErgOg-SiOg  (from  Galakhov 
and  colleagues). 

Key: 

a.  Weight  % 
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La2°3  "“  Yb2°3  “"  Si°2 


Bondar*  [1]  has  studied  the  system,  for  the  purpose  of  ascertaining  the 
formation  of  solid  solutions  in  the  systems:  LagOg*  2SiOg  --  YbgOg*  2SiOg, 
2La203*3SiC>2  --  2YbgOg*  3SiOg,  LagOg*  SiOg  --  YbgOg’SiOg.  Phase  diagrams 
of  the  La203*2Si02  --  YbgOg*  2SiOg  and  LagOg*  SiOg  --  YbgOg*SiOg  systems 
are  presented  in  Figs.  222  and  223.  Lanthanum  and  ytterbium  are  in  different 
subgroups,  and  they  form  solid  solutions  of  limited  concentrations.  These 
systems  belong  to  the  fifth  type  of  solid  solutions  according  to  Roseboom. 
LagOg*  2SiC>2  melts  at  1750°,  with  decomposition  into  2LagOg*  3SiOg  and  liquid. 
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Fig.  222.  Phase  diagram  of  partial  system 
La9Og’2SiOg  —  YbgOg*2SiOg  (from  Bondar'). 
Key: 

a.  Weight  % 


Bondar'  has  examined  the  process  of  disper  sion  hardening,  which  takes 
^  place  during  decomposition  of  supersaturated  solid  solutions  formed  by 
lanthanum  and  ytterbium  silicates  [2], 
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Fig.  223.  Phase  diagram  of  partial  system 
L^Og'SiOg  --  Yb203'  Si02  (from  Bondar1). 

Key: 

a.  Weight  % 

1.  Bondar',  I. A.,  Izv.  AN  SSSR,  OKhN,  3,  1962,  p.  383. 

2.  Bondar',  I. A.,  Izv.  AN  USSR,  ser.  khim,  11,  1964,  p.  2110. 

CoO  --  YbgOg  --  SiOg 

The  system  has  been  partially  studied  by  Babayan  [1,2],  limited  to 
determination  of  the  phase  ratios  of  the  Co2SiO^  —  Yb^(SiC>4)3  profile.  The 
complex  appearance  of  the  diagram  presented  in  Fig.  224  is  due  to  two  reasons: 

1.  a  restricted  region  of  stability  of  ytterbium  orthosilicate  Yb4(SiC>4)3  (above 
1675°);  2.  occurrence  of  the  reaction  COgSiO^  +-  Yb4(Si04)3  =  2CoO  +  2Yb2Si2C>7. 

Ternary  compounds  (of  the  garnet  type,  f  >r  example)  have  not  been 
found  in  the  system.  Ytterbium  occurs  in  the  sub  solidus  region  only  in  the 
form  of  YbgSigO^  (region  with  Co2SiC>4  content  over  20  weight  %)  or  in  the  form 
of  a  mixture  of  YbgSigO^  and  Yb4(Si04)3  (with  a  Co2SiC  content  less  than  20 
weight  %).  The  existence  of  Yt4(Si04)3  in  this  region  apparently  is  connected 
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Fig.  224.  Phase  diagram  of  partial  system 
Co2Si04  --  Yb4(Si04)3  (from  Babayan). 

Key: 

a.  Weight  % 


o 


with  a  stabilizing  effect  of  Co2Si04,  possibly  forming  a  solid  solution  of  low 
concentration. 

In  the  presence  of  cobalt  silicate,  the  stability  boundary  of  Yb4(Si04>3 
is  shifted  to  a  temperature  of  1600°  (for  pure  Yb4(Si04>3,  this  temperature 
equals  1675°).  Some  Co2Si04-bnse  solid  solution  region  is  formed,  with  a  con¬ 
centration  of  Yb4(SiO<)3  of  somewhat  over  6  weight  %. 

Cobalt  orthosilicate  forms  dark  violet  crystals,  in  the  rhombic  crystal 
system,  with  a  melting  temperature  of  1400  _  20°  and  density  of  4.  7  g/cm  [2], 
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NiO  —  Yb203  --  Si02 

Babayan  i i,  2J  has  studied  the  phase  ratios  of  the  Ni0SiO.  --  Yb.(SiOJ„ 
orthosiiicate  profile.  Because  of  dissociation  of  Ni2SiC>4  at  1550°  (even  before 
melting)  and  the  limited  stability  of  Yb^CSiO^)^  from  1675°  to  the  melting  point 
1920°,  in  addition  to  the  initial  orthosilicates,  NiO  and  Yb2Si20?  figure  in  the 
diagram  presented  (Fig.  225).  The  latter  substance  is  formed  by  the  reaction 
Yb4(SiQ4)3  +■  Ni2SiQ4  =  2NiO  +  2Yb2Si20?. 


Fig.  225.  Phase  diagram  of  partial  system 
Ni2Si04  --  Yb4(Si04)3  (from  Babayan). 

Key:  a.  Weight  % 

Depending  on  the  Ni2Si04  content,  either  only  Yb2Si207  (with  greater 
than  20  weight  %  Ni2Si04  content)  or  Yb2Si20?,  together  with  Yb4(Si04)3 
(with  a  content  of  less  than  20  weight  %  Ni2Si04)  is  present  in  the  subsolidus 
region.  The  existence  of  Yb4(Si04)3  in  this  temperature  region  probably  is 
connected  with  a  stabilizing  effect  of  Ni2Si04,  forming  a  solid  solution  with 
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Yb4(Si04)3  at  low  concentration.  The  thermal  decomposition  temperature  of 
ytterbium  orthosilicate  decreases  to  1600°  in  tho  presence  of  NigSiO^.  A 
small  region  of  NigSiO^-base  3olid  solutions  forms  (somewhat  over  6  weight  % 
Yb4(Si04)3). 

Nickel  orthosilicate,  obtained  by  sintering  at  1400°,  forms  light  green 
crystals  in  the  rhombic  crystal  system,  wAth  indices  of  refraction  Ng  -1. 99 
and  Np  —  1.94,  unit  cell  parameters  a  =  4.  724,  b  =  10.  105  and  c  =  5.  928  A 

3 

and  density  4.  72  g/cm  .  At  a  temperature  somewhat  exceeding  1500°,  nickel 
silicate  in  tht  solid  state  dissociates  into  NiO  and  SiOg. 
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GERMANIUM  SILICATE  SYSTEMS 
LigO  --  GeOg  --  SiOg 

Lazarev  and  Tenisheva  [1]  have  shown  that  there  is  contiguous  series  of 
solid  solutions  in  the  LigSiOg  --  LigGeOg  partial  profile.  Synthesis  of  uniform 
solid  solutions  was  carried  out  at  1250-1350°.  The  indices  of  refraction  of  the 
solid  solutions  change  linearly  with  composition. 

V&Llenkle  and  colleagues  [2]  have  studied  the  LigSigO^  —  SigGegO^ 
partial  profile,  demonstrating  the  presence  of  a  continuous  series  of  solid 
solutions.  The  unit  cell  parameters  change  from  a  =  5.81,  b  =  14.66  and 
c  =  4.  79  A  (for  LigSigO^)  to  a  =  5.  97,  b  =  15.  30  and  c  =  4.95  A  (for 

Li2Ge2°5^ 

At  temperatures  above  the  region  of  existence  of  continuous  solid  solutions, 
the  compound  LigtSiQ  25Geo  75^2G5  was  oljta^ne^  with  a  broad  region  of 
homogeneity  and  unit  cell  parameters,  differing  from  the  corresponding  values 
for  the  solid  solution  of  the  same  composition. 
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MgO  --  GeOg  --  Si02 

Dachille  and  Roy  [1]  have  studied  the  partial  system  Mg2GeO  —  MggSiO^ 
at  various  pressures  up  to  580, 000  psi. 


Magnesium  orthogerm anate  exists  in  the  form  of  spinel  and  olivine 


modifications,  with  the  inversion  temperature  at  atmospheric  pressure  of 


810°.  With  increase  in  pressure,  the  inversion  temperature  increases  recti¬ 


linearly.  Olivine  and  spinel  solid  solutions  form  in  the  MggGeO^  --  MggSiO^ 
system.  Above  the  inversion  temperature,  MggGeO^  forms  a  continuous 
series  of  olivine  sclid  solutions.  The  limiting  silicate  content  in  the  spinel 


solid  solution,  amounting  to  10  mole  %  overall  at  542°  and  a  pressure  of  700 


bars,  increases  to  50  mole  %  at  a  pressure  of  60,000  bar.  The  phase  equili¬ 


brium  in  the  system  at  542°  is  presented  in  Fig.  226.  A  diagram  characterizing 


the  system  in  three-dimensional  coordinates  "pressure-temperature-composi¬ 


tion  (X),  "  is  presented  in  Fig.  227.  It  was  found  by  extrapolation  that  the 


"t"  ir 


olivine- spinel  conversion  takes  place  at  a  pressure  of  10C  —  15  kbar  for  pure 


Mg2SiC>4,  in  which  the  unit  cell  parameter  of  the  spinel  phase  of  Mg2Si04  is 


8.22  A. 


Sarver  and  Hummel  [2]  have  accomplished  a  more  complete  study  of  the 


MgO  —  GeOg  --  SiOg  system,  it  is  evident  from  Fig.  228  that,  at  normal 
pressure,  besides  forsterite  (olivine)  solid  solutions,  er.statite  solid  solutions 
exist.  A  phase  diagram  of  the  section  acjacent  to  MgSiO^  in  the  subsolidas 
region  is  presented  in  Fig.  229.  In  accordance  with  the  polymorphism  of 
MgSiOj,  three  types  of  solid  solutions  are  formed:  enstatite,  clinoensratite 


and  protoe  apatite. 
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Fig.  226.  Region  of  existence  of  spinel  and 
olivine  solid  solutions  at  temperature  of  542° 
and  various  pressureo  (from  Dachille  and  Roy). 

Key: 

a.  Pressure,  psi 

b.  Spinel 

c.  Olivine 

d.  Mole  % 


Fig.  227.  Diagram  characterizing  MgO  --  GeO, 
Si02  system  in  "pressure -temperature-composr 
coordinates  (from  Dachille  and  Roy). 

Key: 

a.  P-t  for  Mg2Ge04  d.  Mole  % 

b.  Olivine  e.  P,  kbar 

c.  Spinel 
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Fig.  228.  Diagram  of  phase 
relationships  of  MgO  --  GeOg  -- 
Si02  system  in  subsolidus  region 
(from  Sarver  and  Hummel). 

Key: 

a.  Forsterite 

b.  Enstatite 

c.  Quartz 

d.  Mole  % 
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Fig.  229.  Diagram  of  phase  relationships 
of  par*  '*1  system  MgGeC>3  --  MgSiOo  in 
subs  °  <.as  region  (from  Sarver  and  Hummel). 

Key: 

a.  Protoenstatite  c.  Enstatite 

b.  Clinoenstatite  d.  Mole  % 
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Ringwood  and  colleagues  [3, 4]  have  studied  the  transformations  of  the 

MgSiOg  --  MgGeOg  series  of  solid  solutions  under  high  pressure  conditions. 

Fusions  rich  in  MgGeO,  undergo  the  following  transformation  at  pressures  of 

<5 

about  50  kbar:  2Mg(GeSi)Og  -»  Mg2(GeSi)04  (spinel)  4-  (GeSi)02  (rutile).  At  a 
pressure  of  180  kbar,  fusions  from  0.75  MgGeOg'O.  25MgSiOg  to  0.2MgGeOg* 
0.  SMgSiOg,  taken  in  the  form  of  glass,  change  into  the  ilmenite  modification. 
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CaO  --  GeOg  --  Si02 

The  system  has  not  been  completely  studied.  Grebenshchikov  and 
Toropov  and  colleagues  [2,  3]  have  studied  the  Ca2Si04  —  Ca2GeC>4  profile, 
in  which  a  continuous  series  of  solid  solutions,  complicated  by  the  polymorphism 
of  both  compounds,  exists.  The  phase  composition  was  determined  by  means 
of  microscopic, X-ray  and  differential  thermal  analyses.  The  results  of  the 
study  are  presented  in  Fig.  230.  In  the  low -temperature  region,  solid  solutions 
form  between  y  Ca2SiC>4  and  the  olivine  variety  of  Ca2GeC>4.  The  existe  ice 
of  two  types  of  solid  solutions  has  been  established  here:  1.  based  onyCa2SiC>4, 
containing  from  0  to  52.  5  mole  %  Ca2Ge04;  2.  based  on  Ca2Ge04,  containing 
from  0  to  46.  25  mole  %  Ca2Si04.  The  indices  of  refraction  of  the  solid  solutions 
increase  monotonic  ally  from  Ng  =  1. 652  and  Np  —  1.  644  to  Ng  =  1.  680  and 


} 

{ 


I 


Fig.  230.  Phase  diagram  of  partial  system 

Ca2Si04  —  Ca2Ge04  (from  Toropov  and  Shirvinskaya) . 

Key: 

a.  Mole  % 

Np  =  1.676,  then,  after  a  sharp  increase  in  birefringence  (at  somewhat  over 
40  mole  %  Ca2Ge04  content),  a  uniform  increase  of  Ng  and  Np  is  observed, 
from  the  values  1.692  and  1.674  to  1.734  and  1.  700,  respectively.  The  authors 
could  not  precisely  determine  the  boundary  of  the  two-phase  region  and,  by 
drawing  them  with  dashed  lines,  note  that  this  region  exists  in  a  very  narrow 
concentration  range.  In  the  high-temperature  region,  two  types  of  solid 
solutions  were  found:  limited  solid  solutions  based  on  cf 1  Ca2SiO^  and  a  con¬ 
tinuous  series  cf  solid  solutions  between  Of  Ca2SiO^  and  <X  Ca2Ge04  (Of  -SS  in 
Fig.  230).  The  maximum  solubility  of  Ca2Ge04  in  <X'  Ca2SiO^  is  approximately 
37  mole  %.  The  positions  of  the  lower  boundary  curves  are  drawn  conjecturally 
(dashed  lines).  The  possibility  of  the  formation  of  a  metastable  solid  solution 
based  on  ^Ca2SiO^,  with  up  to  15  mole  %  Ca9GeO^  content,  is  noted. 
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Shirvinskaya  and  colleagues  [4]  have  studied  the  pseudobinary  system 
CaSiOg  --  CaGeOg.  The  nature  of  the  solid  solutions  formed  here  is  deter¬ 
mined  by  the  polymorphism  of  the  extreme  members.  Calcium  metasilicate 
exists  below  1160°  in  the  form  of  the  wollastonite  modification,  with  a  chain 
structure  and  a  triclinic  unit  cell.  A  transition  to  the  pseudowollastonite 

modification,  the  principal  structural  reason  for  which  is  the  three-member 
#5  - 

ring  (Si3Og)  ,  takes  place  at  1160°.  Only  the  wollastonite  structure  is  charac¬ 
teristic  of  calcium  metagermanate.  Two  types  of  solid  solutions  are  found  in 
the  system,  in  accordance  with  the  modifications  enumerated:  continuous;  with 
a  wollastonite  structure  (  $  SS)  and  iimited,  with  a  pseudowollastonite  structure 
(  <t  SS),  based  on  calcium  metasilicate  (Fig.  231).  The  peritectic  melting  of 
the  solid  solution  indicated  in  the  diagram  takes  place  at  1480°.  The  limiting 
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pseudowollastonite  solid  solution  contains  approximately  30  mole  %  CaGeOg. 

As  we  see,  the  polymorphic  transformation  temperature  of  CaSiOg  increases 
K„)  sharply  with  increase  in  GeOg  content  in  the  solid  solution.  The  authors  note 

the  possibility  of  obtaining  (by  means  of  quenching)  m eta stable  pseudowollastonite 
solid  solutions  with  a  high  GeOg  content. 

The  solid  solutions  in  the  CagGeO^  --  CagSiO^  system  have  been  studied 
by  Eysel  and  Hahn  [5].  In  the  low -temperature  region,  the  authors  found  only 
one  type  of  solid  solution,  based  on  y  CagGeO^,  with  an  approximate  maximum 
concentration  of  40  mole  %  CagSiO^.  The  y  CagSiC^-base  solid  solution  was 
not  found.  Solubility  of  CagGeO^  in  Of'  Ca^SiO^  is  25  mole  %.  Besides, 
metastable  ^CagSiO^-base  solid  solutions  were  found,  with  a  content  of  up 
to  10  mole  %  of  the  germanate  component. 

Boykova  and  colleagues  [1]  have  studied  the  partial  system  3CaO*  SiOg  — 
3CaO*  GeOg  in  the  subsolidus  region,  by  the  differential  thermal  analysis 
method.  3CaO  SiOg  and3CaO.  GeOg  have  similar  polymorphism,  taking  place 

according  to  the  following  schemes:  3CaO‘  SiOg  --  triclinic  I  — ^  triclinic  II 

920°  .  .  .  ...  970°  ..  .  990®  .  ,  .  1050°  ,  .  ^  ^ 

— — *  tnclxmc  III  — *  monoclimc  - *  rhombic  - *•  hexagonal;  3CaO*  GeOg  — 

750°  1020°  1160° 

triclinic  I  — *  triclinic  II  - *  triclinic  III  - *  monoclinic.  There  actually 

are  four  types  of  solid  solutions  on  the  phase  diagram  (Fig.  232):  triclinic  I, 

triclinic  II,  triclinic  III  and  monoclinic.  The  region  of  higher  temperatures 

and  the  liquidus  curve  were  not  investigated  by  the  authors. 

Ringwood  and  Major  [6]  have  shown  that  a  homogeneous  sample  correspond¬ 
ing  to  the  composition  Ca(Geg  ^Sig  g)Og,  obtained  by  annealing  a  mixture  of 
oxides  at  1400°,  when  subjected  to  a  pressure  of  170  kbar  (900°),  changes  into 
a  mixture  of  two  phas's,  one  of  which  (primary)  has  a  slightly  deformed 
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Fig.  232.  Diagram  of  phase  ratios  of  solid  solutions 
of  the  3CaO- SiOg  —  SCaOGeOg  system  in  the  sub¬ 
solidus  region  (from  Boykova  and  colleagues). 


a.  Weight  % 


perovskite  structure,  with  a  pseudocubic  lattice  (parameter  3.969  A).  The 
authors  conclude  from  this  that  the  CaSiOg  included  in  the  solid  solution  should 
exist  in  the  perovskite  structure. 

Calcium  metacarbonate  changes  completely  into  the  perovskite  modifica- 

3 

tion,  with  a  density  of  5. 17  g/cm  ,  at  a  pressure  of  120  kbar  and  900°.  Even 
at  250  kbar,  CaSiOg  (in  the  form  of  glass)  did  not  succeed  in  changing  into 
the  perovskite  structure,  but  the  perovskite  solid  solution  obtained  indicates 
the  possibility  of  existence  of  CaSiQg  in  the  form  of  a  perovskite  modification 
at  higher  pressures. 
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SrO  --  GeOg  —  SiC>2 

The  system  has  been  partially  studied  by  Grebenshchikov  and  colleagues 
[1,2],  limited  to  plotting  a  phase  diagram  of  the  partial  systems  Sr2SiC>4  — 
Sr2Ge04  and  SrSiOg  --  SrGeOg. 

Continuous  solid  solutions  of  the  structural  type  $  KgSC^  have  been  found 
in  the  partial  system  Sr2SiC>4  —  Sr2GeC>4,  which  is  characteristic  of  both 
extreme  members.  The  linear  change  in  index  of  refraction  and  monotonic 
change  in  interplane  distances  on  the  X-ray  photos  also  confirm  complete 
miscibility. 

The  liquidus  curve  decreases  uniformly  from  the  melting  temperature 
of  Sr2Si04  (2160°)  to  the  melting  temperature  of  r2Ge04  (1880°).  Thus,  the 
solid  solution  corresponding  to  the  composition  Sr„SiQ  4GeQ  gC>4  has  a  liquidus 
temperature  of  2030°. 

The  formation  of  solid  solutions  also  has  been  found  in  the  partial  system 
SrSiOg  —  SrGeOg,  complicated  by  the  existence  of  two  polymorphic,  forms  of 
SrGeOg,  a  pseudowollastonite  ring  form,  thermodynamically  stable  abcve  990°, 
and  a  pyroxenoid  chain  form,  below  990°.  In  conformance  with  this,  two  types 


0  20  *0  HO  SO  100 
SrStO ,  SrC-eO , 
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Fig.  233.  Phase  diagram  of  partial  system 
SrSiOg  --  SrGeOg  (from  Grebenshchikov  and 
colleagues). 

Key: 

a.  Mole  % 


of  solid  solutions  are  observed  in  the  system:  a  continuous  pseudowollastonite 
(c(SS)  and  a  limited  SrGeOg-base  pyroxenoid  chain  form  (Fig.  233).  The  maxi¬ 
mum  solubility  of  SrSiOg  in  strontium  metagermanate  is  approximately  15  mole  % 
(at  500°). 
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BaO  --  GeOg  --  SiOg 

Grebenshchikov  and  colleagues  [1-3]  have  studied  the  partial  systems 
BagSiO^  --  BagGe04  and  BaSiOg  --  BaGeOg.  Solid  solutions  were  obtained 
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Fig.  234.  Phase  diagram  of  partial  system 
2BaOSi02  --  2BaO*  GeOg  (from  Grebenshchikov 
and  colleagues). 

Key: 

a.  Mole  % 


Fig.  235.  Phase  diagram  of  partial  system 
BaSiOg  —  BaGeOg  (from  Grebenshchikov 
and  colleagues). 

Key:  a.  Mole  % 
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A  phase  diagram  of  the  partial  system  BagSiO^  --  BagGeC^  is  presented 

in  Fig.  234;  the  maximum  on  the  liqvidus  curve,  with  a  temperature  of  2210°, 

corresponds  to  a  composition  of  95  mole  %  BagSiO^.  The  existence  of  two 

solid  solutions  has  been  established:  based  on  BagSiO^  (ofSS)  and  based  on 

BagGeCJj  (<*'  SS).  The  characteristic  bend  in  the  liquidus  curve  in  the  region 

of  50-60  mole  %  BagGeO^  is  connected  by  the  authors  with  a  discontinuity  in 

miscibility  of  the  solid  solutions  and  their  peritectic  decomposition,  taking 

place  at  1970°.  The  existence  of  a  region  of  immiscibility  is  confirmed  by  the 

concentration  dependence  of  refraction  and  density.  A  discontinuity  in  the 

curves  occurs  in  the  region  of  50-60  mole  %  BagGeC). .  The  phase  diagram  of 

the  partial  system  BaSiOg  --  BaGeOg  is  characterized  by  a  continuous  series 

of  solid  solutions  (Fig.  235).  In  conformance  with  the  polymorphism  of  D-^SiOg 

and  BaGeOg,  according  to  subsequent  refined  data,  the  subsolidus  section 

consists  of  three  regions:  a  low-temperature  region  of  pseudowollastonite 

solid  solutions  and  two  regions  with  solid  solutions  of  pyroxenoid  structure. 

The  polymorphic  transition  of  pure  BaSiOg  takes  place  at  temperatures  of 

1040  and  1300°  and,  of  pure  BaGeOg,  at  1225°. 

The  authors  have  found  new  solid  solutions  based  on  BaSi0Oc  and 

<s  o 

BaGe^Og,  with  the  hypothetical  compounds  "BaGegOg"  and  "BaS^Og.  " 

BIBLIOGRAPHY 

1.  Grebenshchikov,  R.G. ,  in  the  collection  Eksperiment  v  tekhnicheskoy 
mineraloeii  i  petrografii  [Experiment  in  Technical  Mineralogy  and 
Petrography],  Nauka  Press,  Moscow,  1966,  p.  30. 

2.  Grebenshchikov,  R.G. ,  N.A.  Toropov,  V. I.  Shitova,  Izv.  AN  SSSR,  Neorg. 
mater. ,  V,  1,  1965,  p.  121. 

3.  Grebenshchikov,  R.G.,  V.I.  Shitova,  N.A.  Toropov,  DAN  SSSR,  175,  4, 
1967,  p.  840. 


-  370  - 


-5'Jjr;  , iiY ?vir* *& ; WJ <-  -*VW^-*  :;■■«  v  *-»<V,"«v*  >,  v>  *»v/7  y-. 


ZnO  --  GeC2  --  Si02 

_  Investigation  of  the  system  has  been  limited  to  study  of  the  Zn0SiO.  -- 

i  ) 

"■  y  Zn2GeO^  profile.  Ingerson  and  colleagues  [3],  carrying  out  annealing  at 

1200°,  obtained  a  continuous  series  of  solid  solutions,  the  index  of  refraction 
of  which  changed  linearly  with  composition.  Brown  and  Hummel  [2],  annealing 
appropriate  mixtures  cx  oxides  at  1000°,  did  not  obtain  solid  solutions,  and 
observed  only  the  formation  of  pure  zinc  silicate  and  germanate.  Several 
signs  of  formatic  •.  of  solid  solutions  were  found  in  mixtures  subjected  to  pro¬ 
longed  (1  month)  soaking  at  1000°,  in  the  presence  of  a  mineralizer.  Mean- 
w  ■'.le,  if  a  solid  solution  is  obtained  at  1200°  (48  hours)  and  It  is  held  for  a 
long  time  at  1000°.  no  decomposition  whatever  takes  place.  For  an  explanation 
of  the  facts  observed,  further  investigation  of  the  subsolidus  processes  in  the 
Zn2Si04  -  Zn2GeC>4  system  is  necessary. 

Merkulov  and  Khristoforov  [1J  obtained  a  continuous  series  of  solid 
solutions  of  Zn2«SiO^  --  Zn2Ge04,  as  they  think,  at  100°,  precipitating  coagels 
from  the  corresponding  solutions  containing  ZnClg,  Na2SiOq  and  Na^eO^. 
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A1203  —  GeQ2  —  Si02 


O 


Toropov  and  colleagues  [1]  have  studied  the  partial  "mullite"  profile 
3Al203*2Si02  --  3A1203’ 2Ge02,  by  annealing  appropriate  mixtures  of  oxides 


at  up  to  1500°,  as  well  as  by  determining  the  melting  temperatures  in  a  vacuum 
microfurnace.  A  continuous  series  of  solid  solutions  has  been  established. 

The  melting  temperature  (liquidus  line)  decreases  smoothly  from  1900°  (for 


3A1203-  2Si02)  to  1785°  (for  3A1203*  2Ge02). 

A  practically  linear  nature  of  change  in  the  indices  of  refraction  has  been 
established,  from  Ng  — - 1.  654  and  Np  —  1.  642  for  3A1203*  2Si02  to  Ng  —  1. 758 
and  Np  =  1.  712  for  3A1203*  2Ge00.  The  density  changes  regularly  from  3. 160 
for  3A12C>3*  2Si02  to  3.  662  for  3A12C>3'  2Ge02.  The  solid  solution  studied  may 
be  referred  to  as  ideal. 
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Sc203  --  Ge02  —  SiC>2 

Lazarev  and  colleagues  [1]  have  studied  the  partial  profile  Sc2Si20^  -- 

Sc2Ge20^  by  the  quenching  method.  A  continuous  series  of  solid  solutions  was 

found,  with  a  minimum  melting  temperature  (at  50  mole  %  Sc2Ge20^)  of  1766°. 

Scandium  diorthogermanate  melts  at  1850°,  and  it  has  unit  cell  parameters 

a  =  6. 47  ±  0.  02,  b  =  8.  47  +  0.  03,  c  =  4.  90  ±  0.  02  A,  f  =  103°30',  Z  «  2. 

The  indices  of  refraction  of  the  solid  solutions  change  regularly  from 

Ng  “  1.804  and  Np  ~  1.754  for  SCgSigO^  tc  Ng  —  1.847  and  —  1.  7C7  for 

3 

SCgGe^O^.  The  density  changes  correspondingly  from  3.39  to  4.46  g/cm  . 
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For  solid  solutions  of  this  series,  discrete  radicals  of  three  types  are  noted 
simultaneously;  (SigO^)®",  (GegO^)^"  and  (SiGeO^)6  . 

BIBLIOGRAPHY 

1.  Lazarev,  A.  N. ,  T.  F.  Tenisheva,  A.N.  Sokolov,  A.N.  Mitropol'skiy, 

N.  A,  Toropov,  DAN  SSSR,  183,  2,  1968,  p.  352. 


^2°3  Ge°2  Si°2 

Toropov  and  colleagues  [1,  2],  using  the  quenching  method  and  solid- 
phase  synthesis,  have  studied  two  partial  profiles  of  the  system:  YgSiO^  -- 
YgGeO,.  and  YgSigO^  —  ^2Ge2G7'  for  which  continuous  series  of  solid  solutions 
with  a  melting  temperature  minimum  is  characteristic. 


Fig.  236.  Phase  diagram  of  partial  system 
YgSi^O^  --  YgGegO^  (from  Toropov  anl 

colleagues). 

Key: 

a.  Mole  % 
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For  the  partial  system  YgSiOj.  --  YgGeCL,  the  minimum  melting  tempera¬ 
ture  is  1910°  (with  approximately  a  50  mole  %  YgGeOg  content).  The  melting 
temperature  of  YgGeO,.,  according  to  new  determinations,  is  1950°  (YgSiO^  -- 
1980°).  Crystals  of  the  solid  solution  belong  to  the  monoclinic  crystal  system, 
with  indices  of  refraction  changing  smoothly  from  Ng  =  1.  848  and  Np  =•  1.  832 
for  Y2Ge05  to  Ng  =  1.825  and  Np  —  1.816  for  YgSiGg.  The  density  changes 
from  4.  83  (YgGeOg)  to  4.45  g/cm3  (YgSiOg).  The  following  values  of  the  unit 
cell  parameters  were  obtained  for  Y^GeOj.:  a  =  10.42  i  0.02,  b  =6.77  —  0.015, 
c  =  12.820  1  0.03  A,  $  =  102°50',  Z  =  8  [3]. 

A  phase  diagram  of  the  partial  system  Y2Si2C>7  Y2Ge2C>7  is  presented 
in  Fig.  236.  In  connection  with  the  existence  of  several  polymorphic  modifications 
of  Y2Si2C>7,  three  types  of  solid  solutions  based  on  this  compound  are  observed: 


and 
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Nd203  —  Ge02  --  Si02 

Toropov  and  Kougiya  [1]  have  studied  the  partial  profile  Na2SiC>3  -- 
Nd2GeOg,  in  which  a  continuous  series  of  solid  solutions  is  formed.  Uniform 
samples  were  obtained  by  multiple,  multistage  annealing  (1000,  1200,  1500°), 
with  intermediate  pulverization.  The  authors  present  a  fusibility  curve,  in  the 
form  of  a  straight  line  between  the  melting  temperatures  of  NdgSiO^  (1980°) 
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and  NdgGeOg  (1900°),  noting  that  they  did  not  succeed  in  defining  the  solidus 
curve,  as  a  consequence  of  the  high  crystallization  rate  of  the  germanates. 

The  rectilinear  relationship  d  =  5.93  i  0.053  K,  where  K  is  the  volumetric 
fraction  of  NdgGeO,.,  was  obtained  for  the  densities  of  the  solid  solutions, 
with  the  composition  expressed  in  volumetric  fractions.  The  indices  of  re¬ 
fraction  change  linearly  from  Ng  =  1.  948  and  Np  =  1.  939  for  NdgGeOg  to 
Ng  =  1.  888  and  Np  —  1.  871  for  NdgSiOg.  The  crystals  are  biaxial  and  optical¬ 
ly  positive. 
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PbO  —  GeOg  --  SiOg 

The  system  has  not  ^een  studied.  Mydlar  and  colleagues  [2]  have  snown 
that  the  germanium  in  the  germanate  can  be  replaced  by  silicon,  but  silicon 
is  not  replaced  by  germanium  in  the  silicates.  Replacement  by  silicon  in 
germanium -rich  germanates  (for  example,  PbO*2GeC>2),  does  not  take  place. 

The  authors  obtained  uniform  solid  solutions,  proceeding  from  3pbO* 
Ge02  (this  compound,  discovered  by  Gooju  and  colleagues  [1],  was  confirmed 
by  Mydlar  and  colleagues),  3PbO  2Ge02  and  PbOGeOg.  The  corresponding 
mixtures  of  oxides  were  initially  annealed  at  about  1000°,  and  then  for  a  long 
time  (up  to  50  hours)  at  600°.  The  following  uniform  phases  were  obtained: 
3Pb0*xGe02*(l-x)Si02(x  =  0.0,  0.33,  0.5,  0.67),  3PbO*  2xGeO./  2(l-x)SiC>2 
(x  ~  0.0,  0.17,  0.25,  0.33,  0.5,  0.66,  0.83),  PbO-  xGeCy  (l-x)SiC>2(x  *  0. 0, 
0.25,  0.5,  0,75). 
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NiO  --  Ge02  —  Si02 

Ringwood  [1-3]  has  studied  the  partial  system  Ni2Ge04  --  NigSKL.  The 
subsolidus  phase  equilibria  in  this  system  at  atmospheric  pressure,  according 
to  [3],  are  presented  in  Fig.  237.  Conducting  tests  under  a  pressure  of  30  kbar 
at  650°  for  a  period  of  three  hours  (initial  mixture  Ni(OH)2,  SiC>2  and  the 
hydrated  form  of  germanium  dioxide),  Ringwood  obtained  a  complete  series 
of  homogeneous  spinel  solid  solutions  between  Ni2GeC>4  and  Ni2SiC>4.  The  unit 
cell  parameters  of  these  solid  solutions  are  subject  to  the  rule  of  Begard. 
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Fig.  237.  Subsolidus  phase  equilibria  in 
Ni2GeC>4  --  Ni2Si04  system  (from  Ringwood). 

Key:  * 

a.  Olivine  f 

b.  Spinel 

c .  Mole  % 
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TITANOSILICATE  SYSTEMS 
LigO  --  TiOg  --  Si02 

The  system  has  been  investigated  by  Kim  and  Hummel  [2],  by  means  of 
study  of  reactions  in  the  solid  state  and  by  the  quenching  method.  The  region 
studied  was  limited  to  compositions  of  not  over  50  mole  %  LigO.  The  phase 
relationships  in  the  system  are  presented  in  Fig.  238.  One  ternary  compound 
Li20.  Ti02*  Si02  has  been  found,  which  melts  at  1207  —  3°,  with  formation  of 
two  immiscible  liquids.  The  immiscible  liquid  region  is  very  widespread  in 
the  system,  from  0  to  20  weight  %  LigO.  Galakhov  and  Konovalova  [lj  showed 
that,  in  fact,  the  equilibrium  immiscibility  of  the  liquids  is  limited  to  a  content 
of  only  one-two  weight  %  LigO,  and  that  the  extensive  immiscibility  indicated 
by  Kim  and  Hummel  is  a  metastable,  nontquilibrium  microliquation. 

The  compound  LigO*  TiO-  SiC>2  forms  crystal?  in  the  tetragonal  crystal 
system,  which  are  uniaxial,  negative  and  with  indices  of  refraction  Ne  --  1.81- 
1.82  and  No  =  i.  83-1.84. 
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Fig.  238.  Phase  diagram  of  Li20  --  Ti02  --  Si02 
system  (from  Kim  and  Hummel). 

Key: 

a.  Tridymite 

b.  Two  liquids 

c.  Weight  % 
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Na20  --  Ti02  --  Si02 

Hamilton  and  Cleek  [1],  in  connection  with  study  of  glasses,  indicate  a 
field  of  initially  separating  crystals  on  the  triple  diagram  (Fig.  239).  Beside 
the  ternary  compound  NagO*  TiOg*  SiOg  (phase  E),  three  fields  of  ternary  com¬ 
pounds  of  unknown  composition  are  introduced:  D,  and  Fg.  The  boundary 
separating  fields  F^  and  F2  have  not  been  established.  Phase  E  is  represented 
by  rod-shaped  crystals,  with  low  birefringence,  negative  elongation  and  Ng  — 
1.  77,  Np  ~  1. 73.  Phase  D  forms  crystals  with  high  birefringence:  Ng  1. 70 
and  Np  ~  1.  60.  Phase  F^  forms  needle-shaped  crystals  with  moderate  bi¬ 
refringence,  positive  elongation  and  Ng~  2.00,  Np  <  2.  00. 


s>02 


Fig.  239.  Schematic  diagrr  of  phase  relation¬ 
ships  of  Na20  --  TiC>2  --  SiL»2  system  (from 
Hamilton  and  Cleek). 

Key: 

a.  Mole  % 
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MgO  --  Ti02  --  Si02 

The  first  investigation  of  the  system  was  made  by  Berezhnoy  [1].  He 
heated  mixtures  of  previously  synthesized  binary  compounds  at  a  temperature 
of  1400-1500°.  Magnesium  titano silicates  were  not  found.  They  are  unknown 
in  nature.  Forsterite  (2MgO'  SiOg)  does  not  react  with  MgO*  2TiOg  or  2MgO* 
TiOg,  right  up  to  melting,  but  solution  of  the  latter  in  forsterite  is  possible. 
In  triple  mixtures  of  MgO  +  Ti02  +  Si02,  the  initial  product  of  solid-phase 
reactions  is  MgO*  Ti02,  thenforster  reforms  and,  only  after  this,  magnesium 
orthotitanate.  Berezhnoy  has  plotted  an  approximate  fusibility  diagram  of  the 
system  and  coexisting  phase  triangles  (Fig.  240),  which  does  not  differ  from 
those  presented  by  Sarver  and  Hummel  [11]. 
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Fig.  240.  Coexisting  phase  triangles  of 
MgO  --  Ti02  --  Si02  system  (from 
Berezhnoy) . 

Key: 

a.  Mole  % 
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The  reaction  relationships  in  mixtures  of  2MgO*  Si02  +  2MgO*  Ti02 

has  been  studied  by  Ramakrishna  [10],  according  to  whom,  magnesium  ortho- 

< 

titanate  has  a  melting  temperature  of  1770  T  75°.  Forsterite  and  magnesium 
orthotitanate  do  not  form  a  simple  binary  system,  but  are  a  part  of  the  MgO  -- 
TiC>2  --  SiC>2  triple  system. 

Berezhnoy  and  Gul'ko  [2]  found  that  Mg2 TiO^  forms  a  solid  solution 
in  forsterite,  with  up  to  4  weight  %  MggTiG^  content,  and  a  pseudobinary 
eutectic  in  the  Mg2Si04  --  Mg2Ti04  section  melts  at  1637°.  Orthosilicate 
solutions  are  common  in  the  magnesium  metasilicate  region,  but  their  bound¬ 
aries  still  h.  ve  not  been  established  precisely.  The  lowest  melting  eutectic 
in  the  system,  with  a  melting  temperature  of  1415°,  occurs  at  the  intersection 
of  the  MgSiOg,  TiOg  and  SiOg  fields,  and  not  of  MgSiOg,  MgTigOg  and  Ti02> 
as  Massazza  and  Sirchia  think  [9], 


Fig.  241.  Phase  diagram  of  MgO  --  Ti02  --  Si02 
system  (from  Massazza  and  Sirchia). 

Key: 

a.  Two  liquids 

b.  Weight  % 
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A  phase  diagram  of  the  triple  system,  according  to  Massazza  and 
Sirchia  [9],  is  presented  in  Fig.  241.  The  liquid  phase  separation  region  is 
very  extensive.  Upon  cooling  the  liquid  richer  in  silica,  glass  forms,  and  a 
liquid  richer  in  TiOg,  depending  on  composition,  forms  glass  -f  cristobalite, 
glass  4*  cristobalite  4-  rutile  or  glass  4-  rutile.  The  results  of  the  investigations 

4+  4  + 

indicated  the  absence  of  the  substitution  Si  -*Ti 

MacGregor  [7]  ascertained  the  phase  ratios  in  the  system  under  high 
pressure  conditions.  He  studied  the  binary  profiles  MgSiOg  —  TiOg,  Mg2SiC>4  -- 
TiC>2  and  MgSiOg  --  MgTigO,..  The  MgSiOg  --  TiC>2  profile  is  a  simple  eutectic 
over  the  entire  range  of  pressures  investigated,  from  1  to  40  kbar.  The  eutectic 
temperature  at  1  atm  turned  out  to  be  somewhat  lower  (by  approximately  10°) 
than  Massazza  end  Sirchia  indicate.  The  Ti02  content  in  the  eutectic  increases 
with  increase  in  pressure:  by  10  weight  %  TiOg  in  the  transition  from  *  atm 
to  10  kbar.  The  author  proposes  the  possibility  of  solution  of  Ti02  in  enstatite. 

A  small  TiOg  content  (less  than  1  weight  %)  has  been  found  in  natural  enstatites. 
The  binary  profiles  MggSiO^  --  TiOg  and  MgSiOg  --  MgTigO^  are  presented 
in  Figs.  242  and  243,  for  a  pressure  of  10  kbar. 


I  Fig.  242.  Fusibility  diagram  of  partial  system  MggSiO.  -- 

|  Ti&2  f°r  pressure  of  10  kbar  (from  MacGregor). 

I  Key:  a.  Weight  % 
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Fig.  243.  Fusibility  diagram  of  partial  system 
MgSiOg  —  MgTigOj.  for  pressure  of  10  kbar 
(from  MacGregor). 

Key: 

a.  Weight  % 
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Fig.  244.  Diagram  indicating  position  of  triple 
eutectics  in  MgO  --  TiO,.  --  SiO„  system  for 
pressure  of  10  kbar  (from  MacGregor). 

Key: 

a.  Weight  % 
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A  small  section  of  the  system  is  presented  in  Fig.  244,  the  region  in 
which  triple  eutectics  occur.  In  place  of  two  triple  eutectics  at  1  atm,  only 
one  triple  eutectic  is  observed  at  10  and  20  kbar,  witn  the  respective  composi¬ 
tions:  26.0  MgO,  42.0  Ti02  and  32.0  weight  %  SiC>2  and  25.2  MgO,  50.0  Ti02 
and  24.  8  weight  %  SiO^. 

INVARIANT  POINTS  OF  MgO  --  Ti02  —  Si02  SYSTEM 
(from  Massazza  and  Sirchia) 
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Key: 

a.  Points  (Fig.  241) 

b.  Phases 

c.  Composition,  weight  % 

d.  Temperature,  °C 


e.  Liquid 

f.  Tridymite 

g.  Cristobalite 


In  the  concentration  region  studied  (pressure  up  to  20  kbar),  only  one 
subsolidus  reaction  takes  place:  MgSiOg  •+■  MgTi^Og  Mg2Si04  *+  2TiOg. 

MacGregor  [8]  subsequently  showed  that  the  following  invariant  reactions 
take  place  in  the  range  from  I  atm  to  40  kbar:  En  +  M  =  Fo  +•  2R  (1), 

Fo  +  En  +  M  =  L2  (2),  M  4  En  =  Fo  +  Lg  (3),  M  +  En+R=L4  (4), 

Fo  +  R  =  M  +  L&  (5),  Fo  -i-  En  +•  R  =  Lg  (6)  and  M  +  Fo  +  R  =  L?  (7). 

Here,  En  =  MgSiOg,  M  =  MgTigOg,  Fo  =  Mg^SiO^  and  R  =  TiOg. 

The  composition  of  the  liquids  is  enriched  in  titanium  dioxide  and  depleted 
of  magnesium  oxide  and  silica  with  increase  in  pressure.  Presenting  the 
equilibrium  positions  of  the  reactions  enumerated  above  on  a  graph  in  "tempera- 
)  ture-pressure"  coordinates,  MacGregor  showed  that  the  corresponding  curves 
for  reactions  (1),  (3) -(6)  intersect  at  a  single  point,  at  a  temperature  of  1489° 
and  a  pressure  of  15.  2  kbar.  The  line  dividing  the  MgSiOg  +-  MgTigOg  and 
Mg2Si04  -t-  TiOg  fields  on  the  graph  in  "temperature-pressure"  coordinates 
is  expressed  by  the  equation  t  =  32. 46  P  t  996  (t  is  in  °C  and  P  in  kilobars). 

) 

The  crystalline  phases  of  the  system  have  the  following  structural  para¬ 
meters:  1.  2Mg0*Ti02  (magnesium  orthotitanate),  cubic  crystal  system, 
a  =  8.44  A  [6];  2.  MgO  TiOg  (geikielite),  rhombohedral  crystal  system, 
a  =  5.54  A,  ar  =  54°39'  [4];  MgO’ 2Ti09  (magnesium  dititanate),  rhombic 
crystal  system,  a  =  3.  7,  b  =  9.  8,  c  =  10. 0  A  [3];  indices  of  refraction  [5 J: 


N 


av 


1. 959  for  2 MgO*  TiQ2,  N&v  =  1.  S5-2.  28  for  MgO*  TiOg  and  Nay  =  2.11* 


2.23  for  MgO*  2 TiOg. 
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CaO  —  Ti02  -  Si02 

Berezhnoy  (1],  in  connection  with  study  of  the  MgO  —  CaO  --  Ti02  — 

Si02  system,  determined  the  fusibility  (by  fusing  of  cones)  of  the  CaO  -- 
TiG0  —  SiO^  system.  Some  information  can  be  found  in  the  extensive  works 
of  Agamavi  and  White  [8],  who  studied  the  CaO  --  AlgOg  —  TiOg  --  SiOg 
system.  The  ternary  compound  CaTiSiO^,  sphene,  was  found  in  the  system 
long  ago.  Ginzberg  and  Nikogosyan  [4]  have  described  the  ternary  compound 
CaO' 2Ti02*  2Si02,  called  calcicu.j  ramsayite. 

In  1911,  Smolensky  [6],  studying  the  CaSiOg  --  CaTiOg  profile,  discovered 
solid  solutions.  Feodot'yev  (7]  showed  that  there  is  a  simple  eutectic  here, 
containing  20  weight  %  CaTiOg  and  80  weight  %  CaSiOg.  Iwase  and  Fukushima 
[10]  have  studied  the  two  partial  profiles  CaO*  Ti02  --  Si02  and  CaO*  Si02  -- 
TiOg,  where  the  compound  CaO’  Si02’  Ti02  is  formed. 
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Fig.  245.  Phase  diagram  of  partial  system 
CaO-SiOg  --  CaO*TiC>2  {from  DeVries  and 
colleagues) . 

Key: 

a.  Weight  % 
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Fig.  246.  Phase  diagram  of  partial  system 
CaTiSiOg  —  SiO^  (from  DeVries  and  colleagues). 
Key: 


a.  'rwo  liquids 

b.  One  liquid 

c.  Cristobalite 


d.  Tridymite 

e.  Sphene 

f.  Weight  % 
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A  detailed  study  of  the  system  was  carried  out  by  DeVries  and  colleagues 
[9].  They  studied  the  partial  binary  systems  CaSiOg  —  CaTiOg  (Fig,  245)  and 
CaTiSiOg  --  SiOg  (Fig.  24r),  and  they  plotted  a  complete  triple  diagram  (Fig. 
247).  A  considerable  region  of  two  immiscible  liquids  is  located  at  the  apex 
of  the  triangle  adjacent  to  SiOg.  Phase  separ  ation  is  characteristic  of  both 
binary  systems:  CaO  --  SiOg  and  TiOg  --  SiOg. 


1970’ 

e  Sec  % 


Fig.  247.  Phase  diagram  of  CaO  —  TiOg  —  SiOg 
system  (from  DeVries  and  colleagues). 

Key: 

a.  Two  liquids  d.  Perovskite 

b.  Rut’le  e.  Weight  % 

c.  Sphene 
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Yeremin  and  colleagues  [5],  carrying  out  annealing  at  1400°,  showed 
that  0.  75%  TiOg  dissolves  in  ft  2CaO  SiOg  and  that  titanium  dioxide  is  practically 
insoluble  in  the  y  modification  of  dicalcium  silicate.  Thus,  TiOg  facilitates 
the  process  of  transition  of  2CaO*  SiOg  into  y  2CaO*  SiOg. 

Berezhnoy  and  colleagues  [3],  on  the  basis  of  the  thermodynamic  properties 
of  CaTiSiOg,  allowing  for  the  partial  density  of  oxygen  in  it,  came  to  the  con¬ 
clusion  that  this  compound  should  be  stable  at  very  high  pressures.  Berezhnoy 
[2]  made  a  triangulation  system,  showing  that  sphene  coexists  with  CaSiOg, 
CaTiOg,  SiCg  and  TiOg. 


TABLE  1 

CRYSTALLINE  PHASES  OF  CaO  —  TiOg  —  SiOg  SYSTEM 
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TABLE  2.  INVARIANT  POINTS  OF  CaO  —  TiO„  ~  SiO0  SYSTEM 

2  4 
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SrO  —  TiOg  --  Si02 


The  system  has  not  been  studied.  Robbins  [!'  observed  crystallization 


of  the  partial  profile  SrTiO^  —  SiOg  (between  1:1  and  1:9),  by  means  of  a  high- 
temperature  microscope.  The  liquidus  temperature  is  over  1450°  for  the  1:1 
mixture.  The  formation  of  only  large  (up  to  2. 5  mm  long)  crystals  of  SrTiOg 


was  observed.  Solid  solutions  were  not  found. 
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BaO  —  TiQ2  --  Si02 


Study  of  the  system  initially  was  limited  to  investigation  of  the  BaTiOg  — 
Si02  profile,  carried  out  by  Rase  and  Roy  [3],  who  used  the  quenching  method 
(Fig.  248).  Three  barium  titanosilicates  were  found  in  the  system:  BaTiSiOg, 
BaTiSigO^  and  BaTiSigOg.  The  lirsi  two  compounds  melt  without  decomposition, 
at  1400  and  1250°,  respectively.  The  compound  BaTiSigOg,  synthetic  bentonite, 
was  synthesized  hydrothermally.  It  is  stable  under  hydrothermal  conditions 
up  to  only  965*  and,  under  "dry"  conditions,  it  dissociates  into  BaTiSigOg  and 
Si02  at  1050°.  The  three  eutectics  have  the  respective  compositions  and  melt¬ 
ing  temperatures:  SiOg  and  BaTiSigOg,  70  mole  %  SiOg,  1245°;  BaTiSigOg  and 
BaTiSiOg,  63  mole  %  SiOg,  1246°;  BaTiSiOg  and  BaTiOg,  29  mole  %  SiOg, 

1260°.  Barium  titanate  forms  a  solid  solution  with  silica,  with  a  small  limiting 


concentration  of  the  latter.  The  transition  temperature  of  the  cubic  form  of 


barium  titanate  to  the  hexagonal  increases  sharply,  as  a  result  of  incorporation 


of  SiOg  into  the  BaTiOg  lattice.  Thus,  while  the  temperature  of  this  transition 
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k  ft  litizr. 


SS2S2* 


for  pure  BaTiOg  is  1460°,  with  a  low  SiOg  content,  the  transition  temperature 
is  1575°.  The  maximum  concentration  of  silica  in  the  cubic  form  is  8  mole  % 


and,  in  the  hexagonal,  4  mole  %. 


U 


Fig.  248.  Phase  diagram  of  partial  system 

BaTiO  --  SiOQ  (from  Rase  and  Roy). 

Key: 

/  \ 

- !  a.  Hexagonal 

b.  Cristobalite 

c.  Cubic 

d.  Tridymite 

e.  Mole  % 

Berberova  and  colleagues  [1]  studied  some  sections  of  the  system,  using 
the  noncrucible  melting  method.  Solid  solutions  were  not  found  in  the  partial 
system  BaTiOg  —  BaSiOg  or  BaTiOg  —  SiOg. 

The  BaTiOg  --  BaTiSiOg  section  is  a  simple  eutectic.  The  BaTiOg  -- 

-~Y 

i  j  BaSiOg  partial  profile  is  distinguished  by  great  complexity:  the  BaTiOg  and 

BaSiOg  fields  do  not  coexist,  and  t.._ /  are  separated  by  fields  of  crystallization 
of  barium  orthotitanate,  barium  orthosilicate  and  bentonite. 
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Koppen  and  Dietzel  [2]  describe  three  barium  titanosilicates:  2  BaO*  TiOg* 
2SiOg,  BaO*  TiOg*  2SiOg  and  a  third  compound,  with  the  formula  not  precisely 
established,  approximately  BaO*  TiOg*  3SiOg.  The  compound  BaO*  TiOg*  2SiOg 
melts  congruently  at  approximately  1450°,  and  it  does  not  disclose  polymorphism. 
The  elongated  prismatic  crystals  are  in  the  tetragonal  crystal  system.  BaO* 

TiOg*  2Si02  melts  incongruently  at  1245°,  with  formation  of  2BaO*  TiOg*  2  SiOg 
and  a  melt,  it  exists  in  two  forms,  high-temperature  tetragonal  and  low -tempera¬ 
ture  monoclinic  or  triclinic,  with  indices  of  refraction  Ng  =  1.  800  and  Np  =  1.  742. 
The  third  compound  has  indices  of  refraction  Ng  =  1. 693  and  Np  =*  1.  676,  which 
indicates  a  higher  SiOg  content  than  in  BaO*  TiOg*  2  SiOg.  The  compound  with 
the  conjectural  formula  BaO*  TiOg-  3SiOg  occurs  in  the  SiOg  field  in  the  phase 
diagram,  and  it  melts  incongruently  in  the  1240-1250“  range.  The  authors 
express  the  hypothesis  that  the  new  titanosilicate  is  a  high -temperature 
modification  of  the  mineral  bentonite,  having  the  formula  BaO’  TiOg*  3SiOg. 
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AlgOg  --  TiOg  --  SiOg 

The  system  has  been  studied  by  Agamawi  and  White  [2],  Galakhov  [1], 

Murthy  and  Hummel  [4]  and  others.  A  phase  diagram  for  the  high-silica  part 
of  the  system,  plotted  by  Agamawi  and  White,  is  presented  in  Fig.  249.  Point 


E  is  a  triple  eutectic,  in  which  cristobalite,  TiOg' AlgGg,  rutile  and  liquid  are 
in  equilibrium;  the  composition  is  7, 5  weight  %  AlgOg,  13. 5  TiOg  and  79.0 
SiOg;  temperature  1470°.  The  composition  of  point  R  is  8. 2  weight  %  AlgOg, 
12.4  TiOg  and  79.4  SiOg;  temperature  1400°.  The  partial  system  AlgOg-  TiOg  - 
SiOg  is  presented  in  Fig.  250. 


Fig.  249.  Diagram  of  phase  relationships  of  a  AlgOg 
TiOg  —  SiOg  system  in  the  region  rich  in  silica  (from 
Agamawi  and  White). 

Key: 

a.  Corundum 

b.  Mullite 

c.  Cristobalite 

d.  Rutile 

e.  Weight  % 
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Fig.  250.  Phase  diagram  Ox  partial  system 
SiC>2  —  AlgOg*  TiOg  (from  Agamawi  and  While). 
Key: 


a.  Cristobalite 

b.  Mullite 

c.  Weight  % 


Galakhov  [1]  introduced  a  correction  to  the  diagram  of  the  system  in  the 
alumina  region  of  it.  He  has  refined  the  position  of  several  boundary  line3. 

A  complete  phase  diagram  of  the  AlgOg  --  TiOg  ~~  SiOg  system,  according  to 
the  data  of  Agamawi  and  White,  with  additions  by  Galakhov,  is  given  in  Fig.  251. 
An  invariant  point  having  the  composition  32  weight  %  TiOg*  52  AlgOg  and  16 
SiOg,  and  a  melting  temperature  of  1710°,  which  is  common  to  the  corundum, 
mullite  and  aluminum  titanate  (TiOg- AlgOg)  fields,  is  of  a  reaction  nature, 
since  it  lies  outside  the  fields  of  the  phase  triangle  of  the  three  compounds 


named. 
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Fig.  251.  Phase  diagram  of  AlgCXj  — 
TiOg  —  SiOg  system  (from  Agamawi 
and  White,  with  additions  by  Galakhov) . 
Key: 

a.  Weight  % 


Murthy  and  Hummel  [4]  have  studied  the  solid  solutions  of  titanium  dioxide 

in  mullite  (3AlgC3* 2Si02).  It  was  shown  that,  at  1000  and  1200°,  no  significant 

44- 

changes  in  the  parameters  were  observed  and,  consequently,  Ti  is  not 
included  in  the  mullite  structure  at  these  temperatures.  With  incorporation  of 
Ti  into  tiie  mullite  structure  (1400°  and  higher),  not  only  an  enlargement  of 
the  unit  cell,  but  distortion  of  it,  takes  place.  Based  on  petrographic  data,  it 
can  b.i  considered  that  the  solubility  of  TiOg  in  mullite  at  the  temperatures 
studied  is  between  2  and  4%,  which  is  in  agreement  with  the  data  of  Agrell  and 
Smith  [3],  on  the  presence  of  TiOg  in  natural  inuilites.  The  authors  noted  a 
discrepency  between  the  petrographic  and  X-ray  data. 
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TigOg  --  TiOg  ""  SiOg 

A  possible  phase  diagram  for  the  TigOg  --  TiOg  —  SiOg  system  is  intro¬ 
duced  in  Fig.  252,  from  the  data  of  Roy  and  colleagues  [1],  Ternary  compourds 
are  absent.  Among  the  binary  compounds,  TigOg*  TiOg  (  =  TigOg,  anosovite) 
and  the  sesquisilicate  of  trivalent  titanium  (3TigOg*  2SiOg)  have  been  distinguished, 
as  well  as  in  extensive  region  of  immiscibility  of  two  liquid  phases  in  the  TiOg 
SiO„  system  boundary,  extending  within  the  ternary  system  to  approximately  a 

mt 

10%  TigOg  content. 

Si02 


Fig.  252.  Hypothetical  phase  diagram  of  TigOg  --  TiOg  — 
SiOg  system  (from  Roy  and  colleagues). 

Key:  a.  Two  liquids  b.  Mole  % 
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Zr02  —  Ti02  —  Si02 

The  initial  rough  study  of  the  system  was  carried  out  by  Sowman  and 
Andrews  [4].  Ternary  compounds  were  not  found;  a  triple  eutectic  with  a  melt¬ 
ing  temperature  of  1500°  has  the  composition  2  weight  %  ZrOg,  10  TiOz  and 
88  SiOg  (Fig.  253).  McTaggart  and  Andrews  [3]  have  distinguished  the  presence 
of  immiscibility  of  the  liquid  phases,  and  they  have  shown  a  ZrTiO^  field  and 
excluded  a  ZrSi04  field  in  the  hypothetical  diagram  (Fig.  254).  Some  information 
on  the  system  was  introduced  in  the  work  of  Cocco  and  Schromek  [2]. 


ZrOt  ZOZrSiO \  SO 
ilec.% 


Fig.  253.  Approximate  phase  diagram 
of  ZrOg  —  TiOg  --  SiOg  system  (from 
Sowman  and  Andrews). 

Key: 

a.  Rutile 

b.  Tetragonal 

c.  Cubic 

d.  Weight  % 
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Fig.  254.  Approximate  phase  diagram  of  8 
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Zr02  —  TiOg  --  SiOg  system  (from  1 
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Berezhnoy  [1]  has  shown  that  ZrTiO^  reacts  with  3ilica  up  to  a  temperature  9 

of  1500°  and,  therefore,  the  primary  crystallization  field  of  ZrTiO^  in  the  work  9 

tr 

h 

% 

f 

■x 

of  McTaggart  and  Andrews  was  marked  incorrectly.  He  also  has  shown  that  9 

zircon  and  rutile  coexist  below  the  dissociation  temperature  of  ZrSiO^  at  any  j  M 

pressure.  In  accordance  with  the  triangulation  carried  out,  ZrSiO^  coexists  ;  m 
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with  ZrTiO^.  ;  8 
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MnO  —  TiOz  --  Si02 

Smolensky  [5]  has  studied  the  partial  system  MnO*  SiOg  —  MnO’  Ti02 
(Fig.  255).  Limiting  solid  solutions  are  formed  with  a  content  of  from  0  to  61. 7 
mole  %  MnO*SiO„.  Rhodonite  MnO*  SiO„  melts  at  1218°,  has  a  triclinic  crystal 

A 

system  (Fedorov  group  Pj),  and  it  belongs  to  the  pyroxenoids,  with  five -fold 
(  _)  repetition  in  location  of  the  silicon- oxygen  tetrahedra  [4],  Liebau  [3]  distin¬ 
guishes  low  and  high-temperature  forms  of  rhodonite;  the  latter  is  isostructural 
with  bustamite  or  pseudowollastonite. 


x 


Fig.  255.  Approximate  phase  diagram  of 
|  partial  system  MnO*  Si02  -  -  MnO*  TiOg 

(from  Smolensky). 

Key: 

a.  Mole  % 
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Pyrophanite  MnO*  TiOg,  according  to  Smolensky,  has  a  nonstoichiometric 

composition:  45.2  mole  %  SiOg  and  54.8  mole  %  MnO;  its  melting  temperature 

3 

is  1404°,  density  is  4. 53  g/cm  ,  it  is  isostructural  with  ilmenite  FeTiOg  and 
geikielite  MgTiOg,  trigonal  crystal  system,  RT.  According  to  I  ortnov  [2J, 
for  the  natural  mineral,  Ne  =  2.07,  No  ~  2.46,  No-Ne  =  0.39. 
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ZIRCON OSILIC  ATE  SYSTEMS 
LiaO  —  Zr02  —  Si02 

Schwarz  and  Haacke  [4]  have  studied  the  fusibility  diagram  of  the  Li^SiO^ 
ZrSiO^  profile  (Fig.  256).  The  maximum  found  on  the  fusibility  curve  at  60 
mole  %  ZrSi04  is  connected  with  the  hypothesis  of  the  existence  of  a  zircono- 
silicate  of  the  composition  2Li4Si04«  3ZrSi04. 

*c 

mo 
m 

m 

0  to  10  SO  80 
u*Si01  ZrSiO^ula. 

Fig.  256.  Fusibility  diagram  of  Li^SiO^  -- 
ZrSi04  system  (from  Schwarz  and  Haacke). 

Key: 

a.  Mole  % 
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Polezhayev  and  Chukhlantsev  [1]  have  studied  the  structure  of  the  sub- 
solidus  region  of  the  system.  They  have  studied  the  solid  phase  reactions  be¬ 


tween  the  following  compounds:  1.  ZrSi04  --  LigZrOg,  2.  ZrSiO^  —  LigCOg, 
3.  ZrSi04  --  Li4SiC>4,  4.  ZrOg  --  LigSiOg,  5.  LigZrOg  —  LigSigOg, 

6.  LigZrOg  —  SiOg,  7.  ZrSi04  —  LigSiOg,  8.  ZrOg  —  LigSigOg,  9.  ZrOg  — 
Li4Si04#  10.  LigZrOg  —  LigSiOg,  11.  LigZrOg  —  Li4Si04,  12.  ZrSi04  — 
LigSigOg.  Annealing  of  the  corresponding  mixtures  was  conducted  at  30-50° 
below  their  melting  temperatures  (in  the  900-1200“  range),  for  periods  of  100- 
140  hours. 


Fig.  257.  Coexisting  phase  triangles 
of  LigO  --  ZrOg  --  SiOg  system  (from 
Polezhayev  and  Chukhlantsev). 

Key: 

a.  Weight  % 


Coexisting  phase  triangles  are  presented  in  Fig.  257,  showing  that,  of 
the  twelve  binary  profiles  listed  above,  only  profiles  4,  8,  10,  11  and  12  are 
true  binary  systems. 
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Polezhayev  and  Chukhlantsev  did  not  find  ternary  compounds.  Yet, 

Schenck  indicates  the  compound  LigZrSiOg  [3],  and  Fenton  and  Hyppert,  the 
compound  2LigOZr02‘Si02  [2],  the  existence  of  which  is  denied  by  Polezhayev 
and  Chukhlantsev. 
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Na20  —  Zr02  —  Si02 

The  system  has  been  partially  studied  by  D'Ans  and  Ldffler  [6],  in  the 

region  adjacent  to  the  Na^O  —  SiOg  side  (Fig.  258).  Three  ternary  compounds 

have  been  found:  Na  O*  ZrOg*  SiOg,  melting  with  decomposition  at  1473°; 

2 

2NagO*  2ZrOg*  3SiOg,  melting  without  decomposition  at  1540°;  and  NagO*  ZrOg* 
2SiOg.  In  the  binary  system  NagO  --  ZrOg,  the  compound  NagO*  ZrOg  melts 
with  decomposition  at  180C’.  A  phase  diagram  of  the  partial  NagSiOg  —  ZrOg 
is  introduced  in  Fig.  259.  Polezhayev  and  Chukhlantsev  [4]  have  investigated 
the  subsolidus  portion  of  the  system  by  X-ray  phase  and  chemical  phase  analysis, 
and  they  obtained  the  same  three  ternary  compounds.  They  plotted  coexisting 
phase  triangles  (Fig.  260)  which  differ  from  those  introduced  by  D'Ans  and 
'  LSffler.  Polezhayev  and  Chukhlantsev  confirmed  the  existence  of  sodium 
pyrosilicate  NagSigO^,  obtained  by  annealing  NagZrOg  or  ZrSiO^  with  soda  or 


% 
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sodium  silicate.  According  to  Zintl  and  Leverkus  [8],  sodium  pyrosilicate 
is  stable  at  temperatures  above  402°  and  dissociates  upon  cooling  according 
to  the  scheme  Na^SigO^  =  NagSiOg  4*  Na^SiO^.  In  connection  with  this,  the 
diagram  in  Fig.  260  holds  true  in  the  subsolidus  region  for  temperatures 
over  402°. 


a  Mm:/, 


Fig.  258.  Phase  diagram  of  partial  system 
Na2OSiC>2  --  2Na2OSiC>2  --  ZrOg  (from 
D'Ans  and  LSffler). 

Key: 

a.  Mole  % 

The  sequence  of  formation  of  sodium  zirconosilicates,  upon  sintering 
a  mixture  of  2ZrSiC>4  +■  KagCOg  in  the  900-1 100°  range,  has  been  studied  by 
Chukhlantsev  and  colleagues  [5].  Na2ZrSiOg  forms  first,  together  with  other 
binary  compounds.  In  proportion  to  further  (in  time)  sintering.,  Na^ZrgSigOjg 
forms  initially  and,  finally,  Na2ZrSi20?,  which  is  the  final  product  of  the  re¬ 
action,  together  with  monoclinic  ZrOg . 


Fig.  259.  Phase  diagram  of  partial 
system  Na20*SiC>2  --  ZrOg  (from 
D'Ans  and  Loffler) . 

Key: 

a.  Mole  % 


Fig.  260.  Coexisting  phase 
triangles  of  Na20  --  ZrOg  -- 
SiC>2  system  (from  Polezhayev 
and  Chukhlantsev) . 


Key: 

a.  Mole  % 


Polezhayev  and  colleagues  [3]  have  studied  the  decomposition  of  the 
zirconosilicate  NagZrSiOg,  upon  heating  over  1100°,  showing  that,  in  this  case, 
Na4Zr2Sig012»  NagZrSigO^  and,  finally,  a  melt  form  in  sequence.  The  auto- 
catalytic  nature  of  formation  of  the  two  latter  zirconosilicates  was  demonstrated. 

CRYSTALLINE  PHASES  OF  Na20  --  Zr02  —  SiOg  SYSTEM 
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Key: 


a.  Compound  g. 

b.  Crystal  system  h. 

c.  Appearance  3  i. 

d.  Density.  g/cmJ  j. 

e.  Hexagonal  k. 

f.  Rhombic 


Probably  monoclinic 
Rhombohedra 

Pseudohexagonal  twins,  prisms 

Needles 

Small 


Fukui  and  Ogawa  [7],  studying  the  effect  of  the  vapors  of  salts  (NagCOg, 
NagSO^,  NaCl)  on  zircon  refractories,  observed  formation  of  the  same  three 
zirconosilicates:  NagZrSiOg,  NagZrSigO^  and  Na^ZrgSigO^g. 

Vargin  and  Heifetz  [2]  and  Botvinkin  and  Demichev  [1]  have  studied 
glasses  in  the  NagO  --  ZrOg  --  SiOg  system. 
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Rb20  --  Zr02  —  Si02 

Chukhlantsev  and  Alyamovskaya  [1]  have  shown  that  a  ternary  compound, 

rubidium  zirconosilicate  RbgZrSigO.^  exists  in  the  system;  it  was  obtained  by 

means  of  prolonged  sintering  (75-100  hours)  of  zircon  with  rubidium  carbonate 

or  silicate,  at  870-950°.  RbgZrSigO^  melts  above  1350°,  its  density  is  3. 84 i 
3 

0.03  g/cm  ,  it  is  easily  broken  down  by  diluting  with  solutions  of  strong  acids, 
and  it  is  completely  soluble  upon  heating  in  hydrochloric  acid  (1:1).  An  equi- 
molecular  mixture  of  the  resulting  compound  with  silica  begins  to  melt  at 
1000-1100°,  with  formation  of  a  glass-like  product. 

Subsequently,  Chukhlantsev  and  Alyamovskaya  [2]  showed  that  there  is 
a  more  silica-rich  zirconosilicate  RbgZrSi^O^,  obtained  by  annealing  appropriate 
mixtures  of  ZrSi04,  ZrOg,  SiOg  and  rubidium  carbonate,  initially  at  860°  (10 
hours),  then  at  1050°  (150  hours).  RbgZrSi^O^  is  more  stable  thersnally  than 
RbgZrS^O^,  and  it  is  produced  from  the  latter  at  a  temperature  of  950°. 
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MgO  --  Zr02  --  SiOg 

Poster  [3]  and  Berezhnoy  and  Karyakin  [2]  have  triangulated  the  system 
and  plotted  coexisting  phase  triangles  (Fig.  261).  These  authors  have  not  con- 
firmed  the  existence  of  the  ternary  compounds  MgO*  ZrC>2*  SiC>2  and  4MgO* 

ZrOg*  SiOg,  which  was  indicated  by  Roussin  and  Chesters  [5].  Ber  ezhnoy  and 
Karyakin  have  studied  the  fusibility  diagram  of  the  system.  The  most  easily 
i.__)  melted  triple  eutectic  has  the  approximate  composition  60  weight  %  SiC>2,  15 

weight  °/c  Zr02  and  25  weight  %  MgO,  and  a  melting  temperature  of  about  1500°. 
Solid  solutions  in  the  system  being  considered  are  limited  only  to  a  field  adjacent 
to  Zr02<  The  latter  does  not  form  solid  solutions  with  magnesium  silicates. 

A  limiting  composition  is  introduced  ter  the  binary  solid  solution  of  MgO  in 

:  ) 

ZrO,,  corresponding  to  the  formula  Mg2Zr308"“  4(ZrQ  75MgQ  &)02.  In  the 
partial  section  Zr02  --  Mg2Si04,  a  eutectic  containing  15  weight  %  Zr02  melts 
at  1677°,  and,  in  the  section  ZrSi04  --  Mg2SiC>4,  at  1577°  (30  weight  %  ZrSi04). 
As  a  result  of  a  thermodynamic  analysis  and  study  of  the  kinetics  of  the  reaction 
3ZrSi04  ■+  8MgO  **  3Mg2SiC>4  ■+  4(ZTq  ^MgQ  5)09,  Bere-hnoy  [1]  came  to  the 
conclusion  that  the  reaction  takes  place  only  in  the  direction  indicated,  in  the 
temperature  range  from  600  to  1500°  and  at  pressures  between  1  atm  and  120 
kbar. 
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Fig.  261.  Coexisting  phase 
triangles  of  MgO  --  Zr02  -- 
SiO,  system  (from  Berezhnoy). 

Key: 

a.  Weight  % 

Hossain  and  Brett  [4]  have  studied  the  system  by  the  quenching  method, 
in  the  region  adjacent  to  the  MgO  --  Si02  side;  the  ZrOg  content  reached  only 
25  weight  %.  Some  partial  sections,  laid  out  parallel  to  the  MgO  --  Si02  side 
are  introduced  in  Fig.  262.  The  liquidus  curves  in  the  triple  system  are  shown 
in  Fig.  263.  The  zircon  field  is  defined  by  the  invariant  points  introduced  in 
the  table. 


Fig.  262.  Phase  diagrams  of  various  sections  of  MgO  -- 
ZrOg  —  SiOg  system  (from  Hossain  and  Brett): 

Sections:  a.  (95Si02  +  5Zr02>  —  (95MgO  +  5Zr02>; 

b.  <90SiO2  +-  10ZrO2)  —  (90MgO  -I-  10ZrO2); 

c.  (85Si02  -I-  15Zr02)  --  (85MgO  +■  15ZrC>2); 

C.  Cristobalite 


Key: 

e.  Weight  % 


d* 


Fig.  262.  (continued):  d.  (80SiO2  +  20ZrO„>  — 
(80MgO  +  20ZrO2);  C.  Cristobalite. 

Key: 

e.  Weight  % 
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Fig.  263.  Fusibility  diagram  of  MgO  — 

ZrOg  —  Si02  system  (from  Hossain  and 
Brett). 

Key: 

a.  Two  liquids  *>•  Weight  % 

INVARIANT  POINTS  OF  PARTIAL  TERNARY  SYSTEM 
MggSiO^  --  ZrSiO^  --  SiOg  (from  Hossain  and  Brett) 
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c.  Composition,  weight  %  f.  Eutectic 
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CaO  —  Zr02  —  Si02 

The  first  investigation  of  the  system  was  done  by  Matsumoto  and  colleagues 
[8],  who,  determining  the  composition  of  cast  refractory  blocks,  plotted  an 
approximate  fusibility  diagram  (Fig.  264) .  The  authors  did  not  find  a  single 
ternary  compound. 


Fig.  264.  Approximate  fusibility  diagram  of  CaO  — 
ZrC>2  --  Si02  system  (from  Matsumoto  and  Sawamoto). 

Key: 

a.  Two  liquids  d.  Tridymite 

b.  Zircon  e.  Wollastonite 

c.  Cristobalite  f.  Weight  % 


Berezhnoy  and  Kordyuk  [2]  have  studied  the  fusibility  of  the  system. 


and  they  have  found  two  ternary  compounds:  3CaO*  ZrOg*  2SiOg  (I),  melting 
ineongruently  at  around  1600®,  with  formation  of  2CaO*  SiO^  and  Zr09,  and 
the  compound  2CaO‘  ZrO^*  4Si02  (ID,  melting  ineongruently  with  formation  of 
ZrSiO^.  On  the  basis  of  optical  studies,  it  is  noted  that  Zr02  does  not  form 
solid  solutions  with  Ca2SiO^.  The  most  easily  melted  eutectic,  melting  at 
around  1400°,  is  located  close  to  the  eutectic  CaSiOg  —  SiOg,  and  it  contains 
about  3-5  weight  %  ZrOg.  Crystals  of  3CaO*  Zr02*  2Si02  belong  conjecturally 
to  the  rhombic  crystal  system,  with  indices  of  refraction  Ng  -  1.758, 

Q 

Nm  *=  1.737  and  Np  —  1.735,  density  is  3.46  g/cm‘ ;  crystals  of  2Ca0*Zr02* 
4Si02  belong  to  the  rhombic  crystal  system,  with  indices  of  refraction  Ng  *»* 

3 

1.658  and  Np  —  1.653,  density  3.06  g/cm  . 


TABLE  1 

CHARACTERISTICS  OF  TERNARY  COMPOUNDS  IN 
CaO  --  Zr02  —  Si02  SYSTEM 


CijZrSijOi 

C»,ZrSl.O„ 

<K 

„  e 

ILlRBJIPIIHt,  °C  .... 

b 

1600°,  c  na3.noH;en«eM 
u«  CaxSiQt  +  ZrO*  + 
+  pacimaa 

1430°,  c  paa.io;i;eiiiu*M 
ua  ZrSi04  pnciciau 

CiiMMorpnR . 

Nf . 

Q  PoacGmccKM  (P) 

*  1.758 

3  PoMOmccKan  (?) 

1.658 

Np . 

1.735 

1.138 

Ng~Np . 

0.023 

0.005 

ZV° . 

2°92' 

— 

n^onioCTh,  r/CM*  d  .  .  . 

3.41} 

3.06 

1-10-* . 

11.0 

5.!) 

Key: 


a.  Melting  temperature,  °C 

b.  Symmetry  g 

d.  Density,  g/ern 

e.  With  decomposition  into  Ca9SiO.  +■  Zr09  4-  melt 

f.  With  decompositio  1  into  ZrSiO.’-h  melt  6 

g.  Rhombic  (?) 
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Kordyuk  and  Gui'ko  [4],  studying  the  subsolidus  region  of  the  partial 
system  CaSiQg  —  ZrOg,  did  not  confirm  the  presence  of  the  ternary  compound 
CaZrSiO-,  which  Estrada  [7]  mentioned.  These  authors  found  that  ternary 
compound  (I)  does  not  react  with  ZrOg  or  calcium  silicates,  and  that  there  is 
no  reaction  between  (II)  and  ZrOg*  ZrSiO^,  SiOg  or  CaSiOg.  The  characteristics 
of  the  ternary  compounds  are  presented  in  Table  1. 


Fig.  265.  Schematic  diagram  of  pnase 
relationships  of  CaO  --  ZrOg  --  SiOg 
system  in  region  rich  in  ZrOg,  with 
4%  SiOg  content  (from  Cocco  and 
Barbariol) . 

Key: 

a.  Tetragonal 

b.  Cubic 

c.  Weight  % 


The  effect  of  small  additions  of  SiOg  (4%)  to  the  CaO  —  ZrOg  system 
has  been  studied  by  Cocco  and  Barbariol  [6J.  The  diagram  is  presented  in 
Fig.  265. 
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Quereshi  and  Brett  [9, 10],  using  the  quenching  method,  with  phase 
identification  in  a  reflecting  microscope  and  by  the  X-ray  method,  gave  a  more 
complete  characterization  of  the  phase  relationships  in  the  system.  The  authors 
confirmed  the  existence  of  the  ternary  compound  Ca^ZiSigOg^CaO  Zr02*  2Si02), 
which  melts  inccngruently  at  1635“-.  The  composition  of  the  compound  was 
determined  by  means  of  electron  microprobe  analysis.  Crystals  of  Ca^ZrS^Og 
have  low  symmetry.  Quereshi  and  Brett  considered  separately  the  data  on 
three  partial  systems:  1.  Si02  —  CaOSiOg  —  ZrOg,  2.  CaOSiC>2  -- 
2CaO*SiC>2  ZrOg,  3.  CaO  —  2CaO  SiC>2  --  ZrOg. 

In  the  partial  system  Si02  —  CaO*  Si02  —  ZrOg,  six  double  profiles 
have  been  studied,  beginning  with  ZrOg  and  proceeding  to  the  CaO  —  Si02 
side,  to  points  corresponding  to  15,  30,  35,  47,  60  and  90  weight  %  Si02 
content.  Two  profiles  are  introduced  in  Figs.  266a  and  b.  A  fusibility  diagram 
of  this  triple  partial  system  is  given  in  Fig.  267.  Attention  is  drawn  here  to 
the  presence  of  a  small  field  of  zircon  ZrSiO^  and  a  region  of  immiscibility  of 
the  liquids.  The  compounds  of  2CaO*  Zr02*  4Si02,  to  which  Berezhnoy  and 
Kordyuk  referred,  were  not  found  by  the  authors  and,  using  X-ray  microprobe 
analysis,  they  determined  that  pure  zircon  is  separated  out  as  the  initial  phase 
in  the  region  being  considered  and  that  the  lowest  temperature  of  coexistence  of 
the  two  liquids  is  1662  —  5°. 

In  study  of  the  partial  system  CaO’  SiC>2  --  2CaO’ SiOg  --  Zr02,  the 
authors  studied  twelve  binary  profiles,  each  of  whicn  proceeds  from  Zr09. 

Four  of  the  most  typical  phase  diagrams  are  presented  in  Fig.  268.  The  partial 
system  CaO-SiOg  --  ZrOg  (Fig.  268a)  has  one  eutectic  (16  weight  %  ZrOg), 
melting  at  1460°.  The  fusibility  diagram  (the  liquidus  surface)  cf  the  system 
CaO*Si02  —  2Ca0*Si02  —  ZrOg  is  represented  in  Fig.  269. 
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Fig.  266.  Phase  diagram  of  some  sections  of  partial 
triple  system  ZrOg  —  CaO  SiOg  —  SiOg  (from 
Quereshi  and  Brett):  a.  section  (85CaSiO£  ■+*  ISSiOg) 
ZrOg;  b.  section  (65CaSiO^  +  SSSiOg)  —  ZrOg. 

Key: 

c.  Weight  % 
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Fig.  267.  Fusibility  diagram  of  partial 
triple  system  CaO-SiO^  --  ZrOg  -- 
Si02  (from  Quereshi  and  Brett). 

Key: 

a.  Weight  % 


TABLE  2 

INVARIANT  POINTS  OF  CaO  —  Zr02  —  Si02  SYSTEM 
(from  Quereshi  and  Brett) 
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Fig.  268.  Phase  diagrams  of  some  sections  of  partial 
triple  system  CaO'  Si02  --  2Ca0*Si02  —  ZrOg 
(from  Quereshi  and  Brett):  Sections:  a.  CaO" 
Si02  --  ZrOg;  b.  (80CaSiOg  +  20Ca2SiO4)  — 
Zr09. 

Key:2 

e.  Weight  % 
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Fig.  268  (continued): 

c.  (50CaSiOg  +■  50Ca2SiC>4)  - 

d.  (40CaSiO3  +  60Ca2SiC>4)  - 
Key: 

e.  Weight  % 


-  Zr02; 

-  ZrOg. 


Fig.  269.  Fusibility  diagram  of  partial  triple 
system  CaO‘  Si02  —  2CaO*  Si02  --  Zr02 
(from  Quereshi  and  Brett). 

Key: 

a.  Weight  % 


Fig.  270.  Fusibility  diagram  of  partial  system 
2CaO*SiC>2  —  CaO  --  ZrOg  (from  Quereshi  and  Brett). 

Key: 

a.  Weight  % 
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High  liquidus  temperatures  (over  2000°)  are  characteristic  of  the  triple 
partial  system  CaO  --  PCaOSiOg  —  ZrOg.  A  fusibility  diagram  of  the  system 
is  presented  in  Fig.  270,  which  was  plotted  on  the  basis  of  study  of  eight  binary 
profiles,  proceeding  from  ZrOg  in  the  direction  of  CaO  --  2CaO*Si02.  Two 
temperature  maxima  are  noted:  1.  in  the  partial  system  CaZrOg  --  Ca2SiO^, 
2025  -  25°;  2.  in  the  partial  system  Ca2SiO^  —  Zr02,  1975  —  25°. 


Fig.  271.  Phase  diagram  of  CaO  --  Zr00  -- 

it 

Si02  system  (from  Quereshi  and  Brett). 

Key: 

a.  Two  liquids 

b.  Weight  % 
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Fig.  272.  Coexisting  phase  triangles 
of  CaO  --  ZrOg  —  SiOg  system 
(from  Quereshi  and  Brett). 
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a.  Weight 
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Complete  phase  diagram  of  the  CaO  --  ZrOg  —  SiOg  system  is  represent¬ 
ed  in  Fig.  271.  The  coexisting  phase  triangles  (trianguiation)  of  the  triple 
system,  showinf;  the  phases  coexisting  in  the  1500-2000°  temperature  range, 
are  given  in  Fig.  272. 

According  to  Kordyuk  [3],  the  compound  CagZrSigOg  is  formed  easily 
from  a  mixture  of  calcium  oxides  or  silicates  and  ZrOg  at  temperatures  over 
1200°,  and  the  compound  CagZrSi^O^g,  at  1400°  and  15  hours  exposure.  The 
last  compound  possibly  is  identical  with  the  mineral  eucolite,  the  composition 
of  which  has  not  been  precisely  established. 

Chuklilantsev  and  Galkin  [5]  anne  tied  a  mixture  of  CaO  and  ZrSiO^  at 
1100,  1200  and  1350°,  with  subsequent  chemical  and  X-ray  analysis.  Besides 
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CaZrOg  and  calcium  silicates,  CagZrSigOg  and  CagZrSi^Ojg  occurred  in  the 
reaction  products.  The  compound  CaZrSiO;  was  not  found,  which  is  in  agree¬ 
ment  with  the  data  of  Korayuk  ind  Gul'ko. 

Belyavskaya  and  Kupriyanova  [x]  selected  specific  solvents  for  the 
CaO  --  ZrOj  --  SiOg  system,  which  permitted  determination,  with  sufficient 
accuracy,  of  the  content  in  the  mixture  ox  the  compounds  CaC,  ZrOg,  SiOg, 

CaSiOg,  Ca2Si04,  CaZrCg,  Ca^ZrSigOg  and  ZrSiO^. 
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SrO  —  Zr02  —  Si02 

Dear  [2]  limited  himself  to  stud}  of  the  subsolidus  region  of  the  system. 
He  discovered  the  compound  6SrO*  ZrOg*  5Si02.  Galkin  and  Chukhlantsev  [1], 
studying  the  subsclidus  region  of  the  partial  system  SrO  —  ZrSiO^  (aimealing 
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at  1150  and  1350°),  confirmed  the  existence  of  this  ternary  compound,  which 
dissolves  easily  in  hydrochloric  acid.  Summarizing  existing  data,  the  authors 
gave  a  diagram  of  the  phase  relationships  in  Jte  system  (Fig.  273). 
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Fig.  273*  Diagram  of  phase  relationships  of  SrO  -- 
ZrC>2  SiOg  system  in  subsolidus  region  (from  Galkin 

and  Chukhlantsev) . 

Key: 

a.  Mole  % 
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BaO  --  ZrOg  —  SiOg 

The  system  has  been  studied  by  Chukhlantsev  and  Galkin  [1),  in  the  sub¬ 
solidus  region.  Annealing  was  carried  out  at  temperatures  which  eliminated 
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melting  of  the  mixtures.  The  phase  composition  was  determined  by  chemical 


^  analysis.  Under  the  annealing  conditions  adopted,  the  formation  of  two  ternary 


compounds  was  established,  the  composition  of  which  correspond  best  to  the 


formulas  2BaO*  2ZrC>2*  3Si02  and  BaO*  ZrOg*  3Si02>  The  compound  BaO  ZrC>2* 
SiOg,  to  which  Jacobs  referred  [2, 31,  was  not  found. 

line  coexisting  phase  triangles  (triangular  j  of  the  system  is  represented 


in  Fig.  274.  A  verification  study  of  annealing  of  mixtures  of  the  two  compatible 


phases  did  not  demonstrate  any  new  compounds  at  all.  Pure  zirconosilicates 


were  obtained  by  sintering  of  the  oxides  at  1300“  for  a  period  of  24-30  hours. 


Crystals  of  2BaO*  2Zr02*  3Si02  are  weakly  anisotropic,  have  an  average  index 
[  J  of  refraction  of  1.  ”93,  density  of  4.  38  g/cm3  and  they  melt  incongruently  at 
about  1380°,  with  formation  of  BaO*  ZrOg*  3Si02  and  melt.  Crystals  of  BaOg* 
Zr02*  3Si02  have  indices  of  refraction  Ng  =  1. 682  and  Np  —  1. 678,  density 


of  3.74  g/cm  ,  and  they  melt  without  decomposition  at  approximately  1450°. 


Polymorphism  was  not  found  in  these  compounds.  Con  pound  2:2:3  is  easily 


broken  down  in  cold,  diluted  hydrochloric  acid,  and  compound  1:1:3  is  de¬ 


composed  by  a  mixture  of  hydrofluoric  and  sulphuric  acids. 
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Fig.  274.  Coexisting  phase  triangles  of  BaC 
ZrOo  --  SiO?  system  (from  Chukhlantoev  and 
Gallon) . 


Key:  a.  Mole  % 
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Al2°3  -  Zr02  -  Si02 


It  has  been  studied  roughly  by  Budnikov  and  Litvakovskiy  [1, 2]  by  the 


quenching  method.  The  investigators  limited  themselves  to  the  region  adjacent 


to  the  AlgOg  apex.  A  detailed  study  was  accomplished  by  Quereshi  and  Brett 
[4J.  According  to  the  data  of  the  first  authors,  the  system  is  characterized  by 

i'~  V 

\  J  the  presence  of  one  triple  eutectic  (Fig.  275),  of  the  composition  53  weight  % 
AlgOg,  17  Si02  and  30  ZrOg.  The  melting  temperature  of  the  eutectic  is  about 


1800°. 


so/ 


p  ■ 
/  & 


#  Aw 


7.rFz  :o  U0  SO  SU  Al20} 
2715'  ft&T  •/,  2050' 


Fig.  275.  Approximate  phase  diagram  of 
AlgOg  —  Zr02  --  SiOg  system  (from  Budnikov 
and  Litvakcvskiy) . 

Key: 

a,  Weight  % 
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Fig.  276.  Approximate  diagram  of 
phase  relationships  of  AlgOg  --  ZrC>2  — 

Si09  system  (from  Barbariol  and  Podda). 

Key: 

a.  Weight  % 

Barbariol  and  Podda  [3]  have  studied  the  system  in  the  subsolidus  region 
(1450-1700°),  carrying  out  prolonged  annealing  (with  intermediate  pulverization 
of  the  samples).  Ternary  compounds  and  ternary  solid  solution*  were  not 
found.  A  triple  eutectic  between  the  Zr02,  AlgOg  and  mullite  fields  melts  at 
1730  -  20°,  and  it  has  the  composition  29  weight  %  Zr02,  53  AlgO^  and  18 
Si02  (Fig.  276). 

The  authors  propose  the  existence  of  a  second  eutectic  between  the  SiC>2, 
zircon  and  mullite  fields,  with  an  SiC>2  content  of  90-95  mole  %,  melting  at 
1570  ±  20°.  Up  to  1630°,  the  triple  phase  diagram  consists  of  three  coexisting 
phase  triangles:  1.  SiOo  —  Zx'SiC>4  --  3Al2Og*  2Si02;  2.  ZrSiO^  —  3A1203* 
2SiG2  —  solid  solution  of  ZrSiO^  in  Zr02;  3.  ZrC>2  —  A^Og  --  solid  solution 
of  AI203  in  3A1203‘ 2Si02.  Above  1700°,  the  position  changes,  and  equilibrium 
between  ZrSiO^  and  3A1203*  2Si02  cannot  be  spoken  of. 


INVARIANT  POINTS  OF  AlgOg  --  ZrOg  --  Si02  SYSTEM 
(from  Quereshi  and  Brett) 
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Key: 

a.  Points  (Fig.  278) 

b.  Process 

c.  Composition,  weight  % 

d.  Temperature,  °C 

e.  Eutectic 

f.  Peritectic 


Quereshi  and  Brett  [4]  have  studied  the  region  bounded  by  the  compounds 
3Al20g*2Si02  --  Zr02  —  SiOg.  Mixtures  were  annealed  to  1740°,  with  from 
)  1  to  5  hours  exposure  and  quenching  in  air.  The  authors  presented  their  results 

in  the  form  of  seven  sections,  two  of  which  are  introduced  in  Fig.  277.  A 
schematic  diagram  of  the  phase  regions  of  the  triple  system  is  represented  in 
Fig.  278.  The  composition  of  the  invariant  points  is  given  in  the  table. 

The  steep  rise  in  the  liquidus  surface  within  the  ZrC>2  field  (close  to  the 
mullite-baddeleyite  boundary)  indicates  a  limited  solubility  of  ZrOg  in  the 
melt.  Ternary  compositions  containing  more  than  20-30  weight  %'ZrC>2  have 
high  refractoriness  (over  1750°). 

\ 

; 
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Fig.  277.  Phase  diagram  of  some  sections  of 
partial  triple  system  3A1203‘  2SiC>2  —  Zr02  -- 
Si02  (from  Quereshi  and  Brett):  a.  section 
(90SiO2  1-  lOAlgOg)  --  Zr02;  b.  section  (50Si(X  + 
50Al,O3)  —  ZrOgi  cris^°^8lite»  M.  mullite. 
Keyf 

c.  Weight  % 


O 
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Fig.  278.  Fusibility  diagram  of 
partial  triple  system  3Al203*2Si02  -- 
Zr02  —  Si02  (from  Q.*ereshi  and  Rreti): 

1.  1550  t  5°;  2.  1J>50  *  5°; 

3.  1650  ±  5°;  <.  1600  ±  5°;  5.  1645  ±  5°; 

6.  1655  ±  Se;  7.  1695  ±  5°;  8.  1705  ±  5°; 

C.  cristobalite. 

Key; 

a.  Mullite 

b.  Weight  % 
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a. 


HfC2  --  Zr02  --  S102 

Ramakrishnan  and  colleagues  [1J.  annealing  finely- ground  {up  20 
mici*ons)  mixtures  of  Zr C>2,  Hi02  and  quartz  at  1450°.  showed  that  ZrSi04 
and  HfSiO^  form  a  continuous  series  of  solid  solutions,  rhe  unit  cell  para¬ 
meters  changed  smoothly  from  a  =  6. 603,  c  =  5.981  A  for  ZrSiO^  to 
a  -  6.  569,  c  =  5. 967  A  for  HfSi04. 

BIBLIOGRAPHY 


1.  Ramakrishnan,  S.  S. ,  K.  V.  Gokhale,  E.  C.  Subbarao,  Mater.  Res.  Bull.,  4, 
5,  323,  1969. 


{  )  Th02  —  Zr02  —  Si02 

The  system  at  subsolidus  temperatures  (300-1400'),  according  to  the 
data  of  Mumpton  and  Roy  (2],  is  represented  in  Fig.  279.  Very  limited  solid 
solutions  have  been  found  between  zircon  and  thorite,  right  up  to  1175°. 

ThSi04  dissolves  in  ZrSi04,  up  to  4  t.  2  mole  %,  and  ZrSi04  in  thorite,  in  an 
'  '  amount  not  greater  than  6  t  2  mole  %.  The  limits  of  the  solid  solutions  in 

Fig.  279  arc  somewhat  exaggerated  for  clarity.  Considerably  greater  solubility 
limits  have  been  found  in  the  metastable  solid  solutions  obtained:  the  solubility 
of  ThSi04  in  zircon  reached  35  mole  %  and  of  ZrSiC),  in  thorite,  25  mole  %. 

See  [1]  for  metastable  solid  solutions  of  Zr02  and  ThOg. 

Specific  proofs  of  the  compatibility  of  the  phases  on  the  connecting  lines 
ThSi04  —  ZrC>2  and  ZrSi04  --  ThOg  were  not  obtained.  Baddeleyite  is  never 
associated  with  thorite  in  nature;  therefore,  the  coexistence  of  ZrSi04  and 
)  ThC>2  *ow  temPeratures)  can  t>e  assumed.  Zircon  and  ThC2  react  upon 
heating  to  1400°,  with  formation  of  huttonite  +  ZrC>2. 
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Pig.  279.  Schematic  diagram  of  phase  relation¬ 
ships  of  ThC>2  "  Zr02  --  SiOg  system  (from 
Mumnton  and  Foy), 

Key: 

a.  Weight  % 


Thorium  silicate  is  encountered  in  the  form  of  two  polymorphic  modifica¬ 
tions,  thorite  (tetragonal  crystal  system)  and  huttonite  (nionoclinic  crystal 
system}  »and  ZrSiO^  in  one  tetragonal  modification. 
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CrgOg  --  ZrOg  --  SiOg 

The  system  has  been  studied  by  Smachnaya  [1, 2].  A  fusibility  diagram, 
in  the  form  of  a  liquidus  surface,  is  presented  in  Fig.  280.  Ternary  compounds 
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were  not  found.  Two  triple  eutectics  (Eg  and  Eg)  melt  at  1700  and  1660°,  and 
they  have  the  compositions  15  mole  %  ZrOg,  30  CrgOg  and  55  SiOg  and  10  mole 
%  ZrOg,  5  Cr2Og  and  85  SiOg;  the  pseudobinary  eutectic  point  E?,  located  on 
the  ZrOg  —  CrgOg'SiOg  connecting  line,  corresponds  to  the  composition  15 
mole  %  ZrOg,  21. 25  CrgOg  ami  63.  75  Si02,  and  it  has  a  temperature  maximum 
of  1840°  on  the  boundary  line  between  Eg  and  Eg. 


Fig.  280.  Fusibility  diagram  o i  Cr2Og  -- 
ZrOg  —  3iC>2  system  (from  Smachnaya). 

Key: 

a.  Mole  % 

Smachnaya  established  the  existence  of  two  triple  solid  solution  regions: 
1.  adjacent  to  the  ZrOg  —  SiOg  side  (close  to  the  ZrOg  apex)  with  a  limiting 
CrgOg  content  of  not  over  5  mole  %  and  SiOg  not  over  10  mole  %;  2.  adjacent 
to  the  CrgOg  —  ZrOg  side  (close  to  the  CrgOg  apex),  with  a  limiting  SiOg 
content  of  not  ever  3  mole  %  and  ZrOg  not  over  45  mole  %. 


ttesv* 


BIBLIOGRAPHY 

1.  Smachnaya,  V.  F.,  Izv.  vyssh.  uchebn.  zaved. ,  Chernaya  metallurgiya,  11, 
1962,  p.  191. 

2.  Smachnaya,  V.  F,,  Zap.  Len,  gorn.  inst. .  42,  3,  1963,  p.  41. 

U02  —  Zr02  —  Si02 

The  system  was  studied  briefly  by  Mumpton  and  Roy  [1]  in  the  subsolidus 
region.  A  diagram  characterizing  the  solid  solutions  existing  in  the  system  in 
the  300-1350°  temperature  region  is  presented  in  Fig.  281.  In  an  oxygen 
atmosphere  at  1350°,  not  over  4  t  2  mole  %  of  the  hypothetical  compound 
"USiO^"  dissolves  in  zircon  (ZrSiO^).  This  compound  has  not  been  obtained 
in  pure  form,  and  SiC>2  4-  U02  solid  solution  -+-  ZrSiO^  solid  solution  and 
Zr02  solid  solution  +  U02  solid  solution  +  ZrSi04  solid  solution  coexist  in 
the  three-phase  regions.  Up  to  20  mole  %  "USiO^"  can  dissolve  in  zircon,  in 
the  form  of  a  metastable  solid  solution. 


Fig.  281.  Schematic  diagram  of  phase  r  elation 
ships  of  UOg  --  ZrOg  --  Si02  system  (from 
Mumpton  and  Roy). 

Key:  a.  Mole  % 
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CoO  --  ZrOg  —  SiOg 

Muan  [1],  on  the  basis  of  thermodynamic  data,  triangulated  the  system 
for  1200°.  It  was  shown  that  the  free  reaction  energy  of  2CoO  -f-  ZrSiO^  — 
CogSi04  4-  ZrOg  is  a  value  less  than  0  and,  therefore,  the  compounds  2CoO* 
SiO,  4-  ZrOg  and  2CoO*  SiOg  4-  ZrOg*  SiOg  will  coexist. 
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NiO  —  ZrOg  —  SiOg 

On  the  basis  of  thermodynamic  data,  Muan  [1)  triangulated  the  system 
for  1200°.  He  showed  that  AG  of  the  reaction  2MiO  4-  ZrSiO^  =  NigSiO^  4- 
ZrOg  is  a  value  greater  than  0  and  that  the  following  compounds  will  coexist: 
Ni2Si04  f  ZrSiC4  and  NiO  4-  ZrSi04. 
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SILICOPHOSPHATE  SYSTEMS 


Na2°  P2°5  SiC,2 


The  system  has  been  studied  in  detail  by  Turkdogan  and  Maddocks  [1]. 
Important  conclusions  as  to  the  phase  composition  were  drawn,  on  the  basis  of 
density  determinations.  The  existence  of  three  ternary  compounds  was  estab¬ 
lished:  congruently  melting  QNagO*  2P20t;’  GSiOg  and  incongruently  melting 
SNcvO*  and  15N&20*  5P2C>5'  SSiOg.  The  authors  give  no  indications 

as  to  the  formation  of  solid  solutions. 

Four  partial  binary  s> ..terns  were  studied:  3Na20*P205  --  Na20*Si02 
(simple  eutectic),  3Na20  P20&  —  NagOSSiOg  (Fig.  282),  2Na20' PgOg  -- 
9NagO‘  2FgO..*  6Si00  (Fig.  283),  2^20^20^  —  SiOg  (simple  eutectic)  and 
two  pirtial  triple  systems:  SNagO’PgOg  --  Na90*  SiOg  --  Na20'2Si02  and 
SNagO'PgOg  --  2Na20*p20g  —  SlsagO*  PgOg’  GSiOg  In  addition,  the  pseu  d- 
binary  profile  9NagO  2P,,05*  GSiOg  --  NagO*  SiOg  was  studied  (Fig.  284). 

A  complete  phase  diagram  of  the  triple  system  is  represented  in  Fig.  285. 
Studies  of  the  density  confirmed  the  phase  relationships  established  on  the  basis 
of  thermodynamic  data  (Translator’s  note:  Portion  of  text  missing] 

-  439  - 


tj 


m 


‘<0.30  53.34  SiO, 


fl-3to20P209  *9Na^ZP^}-S5i02 
WaJttPfa  BSiP, 
5Ha20-P205-'iSi02 


HhgO-PgBf  20 


“0  SO 
dMon  % 


HaiOHlOi 


10  NajO  ZSlOf 


Fig.  232.  Phase  diagram  of  partial  system 
SNagO  P2®5  —  NagO*  2SiOg  (from  Turkdogan 
and  Maddocks) . 

Key:  a.  Mole  % 
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Fig.  28S.  Phase  diagram  of  partial  system  2NagO* 
P2O5  --  ONagO*  PgOs*  GSiOg  (from  Turkdogan  ana 
Maddocks). 

Key:  a.  Mole  % 
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Pig.  284.  Phase  diagram  of  partial  system  9NazO* 
2P20g*6Si02  --  NagO’SiOg  (from  Turkdogan  and 
Maddocks) . 

Key:  a.  Mcle  % 
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Fig.  285.  Phase  diagram  of  Na20  —  PgO,  ”  SiC>2  system 
(from  Turkdogan  and  Maddocks);  " 

Key: 

a.  Tridymite  c.  Two  liquids 

b.  Cristobalite  d.  Mole  % 
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2Nc20'P20g  --  NagO'SiOg  and  2NagO*  PgO^  —  SiOg,  diagrams  of  the  specific 
volume  were  obtained,  with  complete  additivity.  For  binary  systems,  in  which 
there  are  ternary  compounds  in  the  " specific  volume-composition"  diagrams, 
the  corresponding  discontinuities  are  observed. 

The  compound  9NagO*  2PgO^*  6SiOg  is  isotropic,  and  it  has  an  index  of 
refraction  of  1.520.  For  the  anisotropic  compound  5Na90*  PgQ^*  4SiOg,  the 
average  index  of  refraction  is  1. 515.  A  well  expressed  twinning  is  character¬ 
istic  of  the  compound  15NagO*  SPg^j*  SfiOg,  in  which  anisotropic  crystals  have 
an  average  index  of  refraction  of  1.510. 

On  the  basis  of  indirect  consic  <  tions,  the  author  concludes  that  a 
region  of  immiscibility  of  the  liquids  -xists  adjacent  to  the  PgOj.  —  SiOg 
side. 
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INVARIANT  POINTS  OF  N&20  — 
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U1IUIOO 
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LditTSimm 
jj  PcaKiiH* 
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53.05 

n.4t 
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4;.  so 
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C2.70 


1.37 
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21.98 


S'V.t 
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b3.0ft 

10.10 

18.12 


35.14 
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Oo.: 
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:«7 
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1.00 !  02.20 


21.50 

26.80 


19  0) 
10.00 


920 

816 

SSo 

900 


Key: 


a.  Phases 

b.  Process 

c.  Composition,  weight  % 

d.  Temperature,  °C 

e.  Liquid 

f.  Tridymite 

g.  Melting 

h.  Incongruent  melting 

i.  Eutectic 

j.  Reaction 
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TABLE  2 

CRYSTALLINE  PHASES  OF  Na?0  —  PgOg  —  Si02  SYSTEM 


) 


A  Coejuuwrue 

W  Kpjtcraanor^j^a- 

vcKar  xapairte- 
pucm^a 

C  r»Catye 

Nm 

9N»T0.2P,0,-6Si0. 
5N«iC  -PtOi  *4Si0j 

4Kjfrrpomiaji 

___ 

1.520 

CAanaoTpomum 

fS^ucuunKOoue 

auacniiiKu 

1.515 

15Na^O*3PtO»*6SiOt 

1.510 

Key: 

a.  Compound 

b.  Crystallographic  characteristic 

c.  Appearance 

d.  Isotropic 

e.  Anisotropic 

f.  Twinned  plates 
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MgO  -  P205  -  Si02 

The  system  has  been  studied  by  Wojciechowska  and  Berak  [1],  limited 
to  the  region  MgO  --  3MgO*  ?205  —  Si02  and  using  the  methods  of  thermal, 
microstructurral  and  X-ray  analysis. 

In  the  partial  system  3MgO*  PgOg  —  Si02  (Fig.  286),  a  eutectic  was 
observed  with  a  Si02  crntont  of  3.  5  weight  %  and  a  melting  temperature  of 
1330°.  An  extensive  region  of  lmmiscibility  of  the  two  liquids  extends  from 
)  24  to  99  weight  %  SiOg. 
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The  partial  system  3MgO*  PgO^  —  MgO*  SiOg  is  a  simple  eutectic,  with 
(  )  a  eutectic  melting  temperature  of  1290°,  and  containing  30  weight  %  MgO* 

SiOg.  The  3MgO  PgO^  —  2MgO*  SiOg  system  is  a  simple  eutectic,  which 
contains  30  weight  %  2MgO*  SiOg  and  melts  at  1315°. 

In  the  partial  ternary  system  bounded  by  the  compounds  MgO,  SiOg  and 
3MgO*PgO,-  (Fig.  287),  there  are  three  eutectics  of  the  compositions  18 
weight  %  SiOg,  39  weight  %  PgO,.  43  weight  %  MgO,  with  a  melting  tempera¬ 
ture  of  1286°,  and  15  weight  %  SiOg,  38  weight  %  PgOg  and  47  weight  %  MgO, 
1287°,  and  11  weight  %  SiOz,  38  weight  %  P2Os  and  51  weight  %  MgO,  1307°. 

“  |  The  authors  note  that,  with  a  SiOg  content  of  over  10  weight  %,  glass  can 

✓ 

easily  be  obtained  in  the  region  of  binary  and  ternary  eutectics. 
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Fig.  287.  Phase  diagram  of 
partial  triple  system  MgO  — 
SMgO’PgOg  —  SiC>2  (from 
Wojciechowska  and  Berak), 
Key: 


a.  Two  liquids 

b.  Weight  % 
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CaO  —  P205  --  Si02 


The  system  has  been  studied  by  Barrett  and  McCaughey  [7],  Bredig 
[9, 10],  Tr8mel  and  colleagues  [22],  Toropov  and  colleagues  [5],  Wojciechowska 


and  colleagues  [23],  Berak  and  Wojciechowska  [8],  St.  Pierre  [21],  Nurse  and 


colleagues  [18],  Gutt  [13]  and  others.  Two  ternary  compounds  have  been 
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established:  5CaOPgOg‘SiOg  (silicocarnotite)  and  7CaO*  PgOg*  2  SiOg 
(nagelschmidtite) .  Several  series  of  solid  solutions  have  been  found.  In  the 
region  adjacent  to  the  PgOg  —  SiOg  side,  there  is  a  region  of  immiscibility 
of  the  liquids.  The  general  appearance  of  a  phase  diagram  of  the  CaO  — 

PgOg  --  SiOg  system,  according  to  the  data  of  Barrett  and  McCaughey  [7], 
is  presented  in  Fig.  288.  A  section  of  the  system  which  is  of  interest  from 
the  practical  viewpoint  has  been  investigated  by  Wojciechowska  and  colleagues 
and  Berak  and  Wojciechowska,  the  data  from  which  is  presented  in  Fig.  289a 
and  b.  The  region  adjacent  to  the  CaO  apex  and  bounded  by  the  CaO  —  2CaO- 
SiOg  —  3 CaO-  PgGj.  compositions  has  also  been  investigated  by  Tr8mel  and 
colleagues  (Fig.  289^),  The  partial  system  3CaO*P2Og  —  2CaO*SiOg,  in 
which  silicocarnotite  and  nagelschmidtite  occur,  has  been  studied  in  the 
greatest  detail.  According  to  Barrett  and  McCaughey,  for  all  four  phases  of 
this  system,  3CaO-PgO(.,  2CaO*SiOg,  7CaO*  PgOg*  2Si02  and  5CaO*  PgOg* 

SiOg,  limited  mutual  solubility  is  characteristic,  connected  with  the  closeness 
of  the  ionic  radii  of  Si  (0.  39  A)  and  P  (0.  35  A). 

As  early  as  1939,  Lapin  [2]  showed  that  there  is  an  excess  of  3CaO*PgOg, 
relative  to  the  composition  ascribed  to  this  mineral,  3CaO'  PgOg  •  2CaO’  SiOg, 
in  silicocarnotite  extracted  from  slag.  Changes  and  complications  were  intro¬ 
duced  in  subsequent  investigations.  TrSmel  and  colleagues  found  the  following 
phases:  1.  a  solid  solution  based  on  2CaO’  SiOg,  containing  2  weight  %  PgO^; 

2.  solid  solutions  containing  from  3.  5  to  6  weight  %  PgOg  anc*  isotypic  KgSO^; 

3.  solid  solutions  with  variable  P  Og  content,  from  12.5  to  36  weight  %,  with 
nagelschmidtite  falling  in  this  region;  4.$3CaO  PgOg  based  solid  solutions, 
with  fluctuations  of  the  SiOg  in  them  from  0  to  5  weight  % 
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Fig.  288.  Phase  diagram  of  CaO  --  P2°5  ""  Si°2 

system  (from  Barrett  and  McCaughey):  Temperatures 

are  indicated  approximately:  1.  2085°;  2.  1475°; 

3.  1455J;  4.  1436°;  5.  1700°;  6.  1670°;  7.  1570°; 

8.  1280°;  9.  1450°:  10.  1350°;  11.  1400°;  12.  1600°; 

13.  1600°;  14.  1250°;  15.  1400°. 

Key: 

a.  Cristobalite  d.  Silicocarnotite 

b.  Two  liquids  e.  Weight  % 

c.  Nagelschmidtite 

The  compound  5CaO*  PgOg*  SiOg  ^s^icocarnotite)»  according  to  Tromel, 
is  stable  at  temperatures  beiow  1300°  and  can  occur  in  equilibrium  with  the 
melt.  Silicocarnotite  is  fcrmed  as  a  result  of  a  solid  phase  reaction,  from 
compositions  containing  from  30  to  39  weight  %  PgCX.  Klement  and  Erler  [15], 


/  n - V _ _ *— 

CaO  20  c»°  10  0/  CaO 
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Fig.  289.  Phase  diagram  of  partial  system  CaO  -- 
SiOg  —  SCaO’PgOg:  a.  partial  system  CaO‘Si02  — 
SiOg  --  3CaO*  PgO^  ^rom  Wojciechowska  and  col¬ 
leagues);  b.  partial  system  CaO*Si02  —  2CaO<  Si02  — 
3CaO*  P2Og  (from  Berak  and  Wojciechowska);  c.  partial 
system  CaO  --  2Ca0*Si02  —  3CaO*P2Og  (from  Trdmel 
and  colleagues). 

Key:  d.  Two  liquids 

e.  Weight  % 
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heating  silicocarnotite  to  2000°,  detected  its  decomposition  int-'.  the  high- 
temporature  form  of  3CaO*  PgOg  and  the  high-temperature  d  form  of  2CaO* 
Si02. 

We  find  further  versions  of  the  3CaO*P2C>5  --  2CaO*Si02  system  in 

Bredig.  Together  with  the  hexagonal  <K  2CaO*  SiC>2  and  the  lower  temperature 

rhombic  a1  2CaO*  SiOg,  corresponding  to  natural  b  redigit  e,  he  demonstrated 

extensive  solid  solutions  between  fl'2Ca0*Si0o  and  <T3CaO'P  O-,  with  the 

*  2  0 

peritectic  reaction  point  between  them  at  approximately  1880°.  In  a  1950 
work,  Bredig  gave  a  new,  somewhat  modified  version  of  the  diagram,  eliminat¬ 
ing  the  p  modification  of  diculcium  silicate  and  outlining  the  silicocarnotite 
field  somewhat  differently. 


Fig.  290.  Phase  diagram  of  partial 
system  2CaOSi02  --  3CaO*P2C5 
(from  Nurse  and  colleagues):  Ck 
silicocarnotite. 

Key: 

a.  Weight  % 
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Fig  291.  Phase  diagram  of  partial  system 
2CaO*SiO„  --  3CaOP0Oc  (from  Fix  and 
colleagues):  Ck  silic  icarnotite. 
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Fig.  292.  Phase  diagram  of  partial  system 
Ca^PO^g  —  S’Og  (from  St.  Pierre). 

Key: 

a.  Two  liquids 

b.  Cristobalite 

c.  Weight  % 
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We  find  new  data  on  the  partial  system  2CaO*  SiOg  -  3CaO*  in 
Nurse  and  colleagues  118],  the  results  of  which  are  presented  m  Pig.  290. 

O  The  nature  of  the  new  phase  found  {A)  i  s  noc  explained.  The  subsolidus  ratios 
in  the  system  being  considered  recently  were  stucued  carefully  by  Fix  and  col¬ 
leagues  [12],  by  means  of  high-temperature  (up  to  1900°)  X-ray  photography 
of  sample'5',  prepared  by  long  (21  days)  annealing  at  1400-1450°.  The  region 
next  to  SCaOPgOg,  where  polymorphic  transformations  take  place  slowly, 
was  studied  especially  carefully.  The  number  of  phases  found  was  the  same 
as  in  the  work  of  Nurae  and  colleagues,  but  the  positions  of  the  boundary  lines 
are  significantly  different.  As  is  evident,  from  Fig.  291,  the  silicocarnotite 
(  ^  (Ck)  field  is  considerably  smaller,  and  the  position  of  the  stable  temperature 
maximum  was  found  at  a  3CaO'  P2C>5  content  of  64  weight  %,  which  is  close 
to  the  composition  of  silicocarnotite  5CaO*  P205‘  SiOg.  Phase  A,  correspond¬ 
ing  to  the  stoichiometric  compound  7CaO*  P205‘  2SiOg,  changes  directly  to 
phase  R  at  1350°.  The  field  of  solid  solutions  based  on  at 1  2CaO  Si02  reaches 
1  !  a  content  of  20  weight  %  3CaO  P2Og  at  500°. 

Balajiva  and  colleagues  [6]  plotted  a  diagram  of  the  dependence  of  average 
refraction  on  composition,  in  the  2CaO  SiOg  --  3CaO*  P2C>5  series  of  solid 
solutions  (up  to  15  mole  %  of  the  latter). 

The  partial  system  Ca«j(PO^)2  --  SiOg  has  been  studied  by  St.  Pierre  [21], 
who  determined  the  critical  temperature  of  phase  separation  (Fig.  292).  The 
partial  system  CaO'SiOg  --  3CaO*P2Og,  according  to  the  data  of  Wojciechowska 
and  colleagues  [23],  is  represented  in  Fig.  293. 
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Fig.  293.  Phase  diagram  of  partial  system 
CaO'SiOg  --  3Ca0*P20g  (from  Wojciechowska 
and  colleagues). 

Key: 

a.  Weight  % 


Toropov  and  colleagues  [5]  have  studied  the  reactions  taking  place  in 
the  3CaO  SiOg  —  3CaO-  PgO^  systeni  at  1450°.  At  this  temperature,  dis¬ 
sociation  of  tricalcium  silicate  takes  place,  caused  by  the  presence  of  3CaO* 
P205  and,  with  prolonged  annealing,  depending  on  composition  of  the  initial 
mixture,  4CaOP«Og,  siiicocarnotite  and  nagelsclimidtite  can  be  found  in  the 
reaction  products. 

Toropov  and  colleagues  determined  that  silicocarnotite  and  nagelschmidtite 
dissolve  calcium  oxide.  Thus,  at  1450°,  compounds  (solid  solutions)  form, 
with  the  compositions  5,  3CaO‘  PgOg*  SiOg  and  7. 3CaO*  PgGg*  SiO^,  i.  e. , 

0. 3  mole  of  calcium  oxide  is  incorporated  in  the  silicophcsphate  structure. 


Nagelschmidtite  forEis  hexagonal  crystals,  with  the  d  KgSO^  type 
structure;  cleavage  is  good  along  (001)  and  perfect  along  (110).  The  indices 
of  refraction:  according  to  Nagelschmidt  [17],  Ng  =  1.661,  Np  =  1.652, 

(-)  2V°  very  small;  according  to  Segnit  [20],  Ng  from  1.690  to  1.661  for 
different  specimens,  Np  from  1.680  to  1.652,  (-)  2V°  =*  0. 

Silicocarnotite  crystallizes  in  the  form  of  short,  blue,  rhombic  prisms, 
and  more  rarely  in  the  form  of  lamellar  crystals,  compressed  along  the  C 
ju.'.s.  According  to  the  measurements  of  Lapir.  [3],  the  crystallographic 
%  Jls  ratio  is  a:b:c  =  0.66105:  1:1.  54380.  The  plane  of  the  optical  axes  is 
perpendicular  to  the  basic  pinacoid;  (+)  2V  =  76°.  The  indices  of  refraction: 
according  to  Barrett  and  McCaughey,  Ng  =  1.640,  Nm  m  1.636,  Np  ■*  1.632; 
according  to  Riley  and  Segnit  [19],  Ng  —  1.657-1.677,  Np  =  1.639-1.660; 
according  to  Lapin  (for  samples  extracted  from  slag).  Ng  =  1.  652-1. 656, 

Np  =  1. 638-1. 642.  Cleavage  is  distinct  along  two  mutually  perpendicular 
directions:  (1001  and  (010).  Thus,  silicocarnotite,  in  conformance  with  the 
measurements  of  Lapin,  definitely  belongs  to  the  rhombic  system,  and  not  to 

3 

the  monoc.linic,  as  was  asserted  by  Bucking  [11].  The  density  is  3.08  g/cm 
(at  22°).  Keppler  [14]  studied  numerous  monocrystals  of  silicocarnotite  from 
technical  Them  as  phosphate  and  confirmed  its  formula  5CaO*  PgO^*  SiOg  or 
Cag(P04)2Si0^.  Structurally,  this  compound  belongs  to  the  apatite  class,  with 
crystals  described  as  rhombic -pseudohexagonal  [19]. 


CRYSTALLINE  PHASES  OF  CaO  —  PgOg  —  SiOg  SYSTEM 
^  j  Compound  |  System _ Ng  I  Nm  [  Np  f  2V°  ~|No 


5CaO  PgOg* 
SiOg  (silico- 
carnotite) 


Monoclinic  1.640  1.636  1.632  (■♦•)  about  90°  Pleochroism 

(?)  in  blue  tones 

in  microscopic 


7CaO*  P205* 
2Si02 

(nagelschmidtite) 


section;  density 
3.084  g/cm6 


1.661  -  1.652  (+)  about  20°  Density  o 

anduptoCf0:  3.035  g/cm13 
Refraction  can  flue-  *  6 

tuate  between  1. 642 

and  1. 675 


? 


In  addition  to  silicon arnotite  and  nagelschmidtite,  two  more  silico- 
phosphates  have  been  found  in  Thomasphosphates,  steadite  and  thomasite  [1]. 
These  minerals,  extracted  from  technical  products,  contain  impurities,  and 
they  apparently  do  not  figure  in  the  CaO  --  AlgOg  --  SiOz  triple  diagram. 
Thomasite  forms  blue-green  hexagonal  crystals,  of  the  composition  (6CaO 
P2O5) *  (2FeO*  SiOg) .  According  to  Kroll  [16],  the  Fe  content  decreases  right 
do:*/n  to  iron-free  thomasite,  of  the  composition  (6CaO*  P2Og)*  (2CaO*  SiOg). 
Thomasite  has  not  been  characterized  optically.  Steadite  has  been  studied  in 
detail  by  Lapin  [4].  Steadite  apparently  has  a  noticeable  variability  in  compo¬ 
sition,  as  a  consequence  of  the  formation  of  solid  solutions,  Lapin,  to  isolate 
steadite  from  Thomaqjhosphate,  specifies  the  following  oxide  ratios:  13. 87CaO 
3.  32P2Os*  1. 00SiC>2  or  3. 3(3CaO’  PgOg)*  (2CaO*  SiOg)'  2CaO.  This  composition 
should  be  considered  as  an  average  one,  since  the  light  refraction  of  various 
samples  changed  from  1.652  to  1. 682.  The  birefringence  of  steadite  is 
extremely  narrow:  0.003-0.004;  it  forms  hexagonal  prisms  with  definite 
cleavagealong  the  prism  and  along  the  base;  it  is  slight  pleochroic,  from 
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colorless  to  yellowish  brown.  Lapin  thinks  that  steadite  is  dimorphic  and. 


_  upon  cooling  (from  high  temperatures),  undergoes  transformation  (similar  to. 


for  example,  leucite  and  bo^acite)  from  the  high  temperature  hexagonal  modifi¬ 


cation  to  a  modification  with  lower  symmetry  (monoclinic  or  triclinic),  which 


is  stable  at  low  temperatures.  The  density  of  the  mineral,  determined 


pycnometrically  at  2i°,  is  3. 163  g/cm  . 
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I  I 


ZnO  --  P205  --  SiOz 

Brown  and  Hummel  [1]  have  studied  the  subsolidus  region  of  the  system 
(annealing  at  1400°).  Ternary  compounds  were  not  found.  Tfte  coexisting 
phase  triangles  on  the  triple  diagram  are  given  in  Fig.  294.  It  was  found 
that  SiOg  is  soluble  in  the  zinc  phosphates  Zng(PO^)2  and  ^Zn(POg)2, 
amounting  to  approximately  5  mole  %.  Solid  solutions  have  not  been  found  in 
other  binary  profiles. 
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SiP^j 

\  shW$ 
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ZnO  ZtifSiDi,  'JiO g 

«.  Mm.  % 

Fig  -  ",  Coexisting  phase  triangles  of 
ZnC  —  Si02  system  (from  Brown 

and  Hummel),, 

Key:  a.  Mole  % 
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B2°3  P2°5  Si°2 

Study  of  the  system  is  very  difficult,  because  of  the  volatility  of  PgO^ 
and  difficulties  in  crystallization.  Approximate  data  are  introduced  by  Horn 
and  Hummel  [2]  and  Englert  and  Hummel  [1J.  Horn  and  Hummel  studied  the 
central  section  of  the  partial  system  BP04  --  SiOg,  and  they  present  the 
liquidus  curve  in  the  30-70  weight  %  SiOg  concentration  region  in  Fig.  295. 
The  mixture  containing  62  weight  %  SiOg  has  the  lowest  melting  temperature 
975  —  25°.  In  the  work  of  Englert  and  Hummel,  an  effort  was  made  to  plot  a 
phase  diagram  of  the  triple  system  B203  --  P2Os  --  SiOg.  It  is  noted  that 
the  samples  contain  water,  even  at  a  temperature  of  1400°.  Boron  phosphate 
BP04,  the  approximate  crystallization  field  of  which  is  shown  in  Fig.  296, 
separated  out  as  the  first  phase  in  crystallization  of  glasses.  Glasses  rich 
in  silica  and  boric  oxide  could  not  be  crystallized,  even  after  240  hours  of 
soaking  at  900°.  Glasses  are  easily  obtained  in  the  partial  system  BP04~ 
SiOr 
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Fig.  295  .  Section  of  partial  system  SiOg 
BPO^  (from  Horn  and  Hummel). 

Key: 

a.  Weight  %. 
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Fig.  296.  Schematic  phase  diagram  of  BgOg  — 
PgOg  --  SiOg  system  (from  Englert  and  Hummel). 
Key: 

a.  Absence  of  crystallization  after  240  hours 
at  900° 

b.  Weight  %. 
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A12°3  P2°5  Si02 

The  subsolidus  relationships  in  the  portion  of  the  AlgOg  --  P2C>5  --  SiOg 
system  containing  less  than  50  mole  %  P2®5  has  been  studied  by  Robinson  and 
McCartney  [4J.  Ternary  compounds  have  not  been  found.  Solid  solutions  of 
silica  and  aluminum  phosphate  (AlPO^),  the  formation  of  which  can  be  expected 
on  the  basis  of  similarities  of  the  unit  cell  dimensions,  were  not  detected  xn 
using  various  methods,  including  the  electron  microprobe  method. 


Fig,  297.  Schematic  phase  diagram  of  Al0Og  --  P2C>5  "" 
SiOg  system  (from  Robinson  and  McCartney):  1.  800°; 

2.  1250°;  3.  1400°;  M  mullite. 

Key:  a.  Not  investigated 

b.  Mole  % 


-  460  - 


Al^Og*  PgOg  was  found  in  two  polymorphic  modifications  in  the  tempera¬ 
ture  range  studied  (800-1400°):  tridymite  and  cristobalite.  At  1050°  and  72 
hour  exposure,  both  forms  crystallized.  (Jpon  heating  tc  1250°,  cristobalite 
and  the  cristobalite  form  of  AlPO^  were  recorded.  Compositions  with  80  mole 
%  SiOg  and  above  contained  only  cristobalite,  and  60  %  and  below,  only  the 
cristobalite  form  of  AlPO^.  Low -temperature  AlPO^,  synthesized  under 
hydrothermal  conditions  (350°,  1  month),  had  the  low -temperature  quartz 
structure,  according  to  Strada  [5], 

Robinson  and  McCartney  assert  that  two  silicon  phosphates  exist,  SiOg' 
PgOg  and  3SiC>2'  PgO^,  e*  *  data  and  Jary  [1]  and  Jacoby  [2] 

are  confirmed,  but  not  that  of  Tien  and  Hummel  [6],  who  demonstrated  the 
existence  of  SiO0*  PgQg  and  2SiOg*  PgOg.  For  both  phosphates,  Robinson  and 
McCartney  present  interplane  distances  and  X  ray  line  intensities.  A  coexist¬ 
ing  phase  diagram  is  presented  in  Fig.  299,  from  their  data  (coexisting  phase 
triangles  for  80Q;  1250  and  1400°). 


a 


LQec% 


Fig,-  298.  Coexisting  phase  triangles  of  AlgOg  --  PgO^ 
SiOg  system  (from  Lehmann):  a.  900°;  b.  900-1200°; 

M.  mullite. 

Key:  c.  Weight  % 
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Lehmann  [3]  has  studied  the  subsolidus  region  of  the  system  and  plotted 
coexisting  phase  triangles  for  900°  (Fig.  298a)  and  for  the  temperature  range 
between  900  and  1200°  (Fig.  298b).  At  the  temperatures  indicated,  according 
to  Lehmann,  only  one  silicon  phosphate  3Si00*2P0Oa  exists. 

a  S  O 
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GagCg  --  P2Og  --  SiOg 

Study  of  the  system  has  been  limited  to  the  work  of  Shaffer  and  Roy  [1], 
who  plotted  an  approximate  diagram  of  the  partial  system  GaPO^  --  Si02 
(Fig.  299),  in  which  solid  solutions  based  on  both  Si02  and  GaP04  form. 

With  increase  in  temperature,  the  region  of  solid  solutions  expands,  and  it 
increases  to  25  mole  %  GaPO^  close  to  the  melting  temperature  of  cristobalite. 
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Fig.  299.  Phase  diagram  of  partial  system 
SiCXj  —  GaPO^  (from  Shaffer  arid  Roy). 

Key; 

a.  Cristobalite 

b.  Mole  % 
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PbO  --  P2Og  --  Si02 

The  system  has  been  studied  5n  the  region  adjacent  to  lead  oxide  by 
Paetsch  and  Dietzel  [1],  using  a  heated  microscope.  The  portion  the  phase 
diagram  studied  is  represented  in  Fig.  300.  The  formation  of  two  ternary 
compounds  is  indicated:  5PbO.  PgOg*  anc*  1 6PhO*  PgG,.*  2Si02. 
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Fig.  300.  Phase  diagram  of  part  of  PbO  —  PgO,.  — 

SiOg  system;  region  rich  in  ]  er.d  oxide  (from  Paetsch 
andDietzel):  invariant  points:  A.  725°,  B.  710°, 

E.  815°,  F.  838°,  G.  954°,  K.  695%  L.  700°,  M.  710°, 

N.  828°,  O.  948°,  mr  985°,  m2.  973°. 

Key: 

a.  Two  liquids 

b.  Mole  % 

Wondiatscek  and  Merker  [2]  obtained  5PbO  P20,-*  Si02  a  melt, 
in  the  ?orm  of  hexagonal  needles  or  rod-like  shapes.  The  crystals  are  opti¬ 
cally  uniaxial,  the  index  of  refraction  is  between  2.  0  and  2. 1  and  extinction 
is  direct.  The  compound  does  not  disclose  polymorphic  transformations,  and 
it  melts  congruc-ntly  at  a  temperature  of  1016  —  5°.  The  compound  vdih  the 
conjectural  composition  lPPbO*  PgOg*  ^Si02  is  formed  by  a  reaction  in  the 
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solid  state  at  600°.  This  compound  exists  in  two  modifications:  the  modifica¬ 
tion  transformation  is  accompanied  by  disintegration  of  the  crystals  into 
powder. 

The  region  of  liquid  phase  separation  extends  up  -o  70  mole  %  PbO. 
Melts  with  greater  than  a  30  mole  %  SiOg  content,  with  a  low  PgC^  content, 
give  glass  upon  cooling.  All  oiher  melts  are  easily  crystallized. 
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VANADATE-SILICATE  SYSTEMS 


ZnO  —  V205  —  Si09 


The  system  has  been  studied  by  Brown  and  Hummel  [1],  in  the  subsolidus 
region.  The  coexisting  phase  triangles  are  shown  in  Fig.  301.  Negligible 
solubility  of  zinc  oxide  and  Zn2SiO^  in  ft  Zn2(VO^)2  was  observed.  Other 
solid  solutions  were  not  found. 


'luS 


Fig.  301.  Coexisting  phase 
triangles  of  ZnO  --  V2Og  -- 
Si02  system  (from  Brown 
and  Hummel). 

Key: 

a.  Mole  % 
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Zr°2  "  V2C5  -  9i°2 

Investigation  of  the  system  has  been  limited  to  annealing  of  certain 
mixtures  of  oxides  for  the  purpose  of  obtaining  ceramic  pigments.  Some 
information  on  this  question  is  contained  in  the  works  of  Cini  [4],  Burdese 
and  Borlera  [3]  and  Matkcvich  and  Corbett  [5], 

Bystrikov  [1,2]  demonstrates  that  vanadium  of  various  degrees  of 
oxidation  is  incorpoiated  in  the  zircon  structure,  with  formation  of  the  com- 
pounds:  Zr1.2xVxtyV^ySil-2y04"  «  a  green  color,  Zr^V^Si^O^ 
of  a  olue  color.  Here,  x  and  y  are  the  respective  fractions  of  substituted 
zir  ouium  and  silicon  ions. 
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NIOB A  TE  -  SILICA T E  SYSTEMS 


ZnO  --  Nb^Og  --  Si02 

The  system  has  been  studied  by  Brown  and  Hummel  [1],  in  the  subsolidu3 
region.  The  coexisting  phase  triangles  are  Siiown  in  Fig.  302.  Solid  solutions 
have  not  been  found. 


f:Uc 


Fjg.  302.  Coexisting  phase 
triangles  of  ZnO  --  Nb205  -- 
Si02  (from  Brown,  and  Hummel). 

Key: 

a-  Mole  % 
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TANTALATE-SILICATE  SYSTEMS 
CaO  --  Ta205  —  Si02 

Reeve  and  Bright  [3]  have  studied  the  sy3tem,  using  a  high-temperature 
microscope  and  the  quenching  method.  The  authors  introduce  a  phase  diagram 
of  the  binary  system  TagO,.  --  SiOg  (Fig.  303).  In  plotting  the  diagram,  the 
data  of  Bush  [1]  were  used.  The  authors  draw  attention  to  the  anomalous 
trend  of  the  liquidus  curve  (a  break  at  a  Si02  content  of  somewhat  over  10 
weight  %}.  In  accordance  with  the  data  of  Reeve  [2],  there  are  5  compounds 
in  the  CaO  --  TagO^  system:  CaO*2TagOg  (incongruent  melting,  1730°), 

CaO*  Ta20^  (congruent  melting.  1958°),  2 CaO- Tag O^  (congruent  melting, 
1896°),  4CaO*  T\205  (incongruent  melting,  1990e)  and  5CaO- TagO^  (stable  in 
the  1460-1590°  range). 

One  compound,  melting  incongruently  at  1478°,  lOCaO*  TagO^*  6SiOg 
(Ta  kaiite)  has  been  found  in  the  triple  system;  it  is  isostructural  with  the 
mineral  niokalite.  A  large  region  of  liquid  immiscibility  is  characteristic 
of  the  system;  it  extends  from  the  CaO  —  SiOg  side,  but  it  does  not  intersect 
the  TagO^  --  SiOg  side  (the  houndary  line  is  at  a  distance  of  about.  1  weight  %). 


INVARIANT  POINTS  OF  CaO  --  TagOg  --  S^Og  SYSTEM 


Cl 

b 

lI|»ourcc 

CoCTaB,  sec.V, 

^  Tcmuc- 

<t>«3U 

CoO  J  TuiO,  J  PiO. 

patypu* 

en  oJiyieno  woto^om  a  a  k  i  ji  k  n 


a-CaO  -SiOj+p  CaO  -Ta,0,-f 
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36.0 
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Key: 


a. 

Phases 

f. 

Liquid 

b. 

Process 

g* 

Eutectic 

c. 

Composition,  weight  % 

h. 

Peritectic 

d. 

Temperature,  °C 

i. 

Obtained  with  heated 

e. 

Obtained  by  quenching 
method 

microscope 

A  phase  diagram  of  the  system  is  represented  in  Fig,  304.  Three  partial 
profiles  are  simple  eutectics:  CaO*  SiOg  --  lOC^O*  TagOg*  ^SiOg,  CaO*  Si02  -- 
2CaO*  TagOg  and  2CaO*SiCg  --  lOCaO*  TagOg*  6SiOp.  The  authors  present 
indices  of  refraction  for  several  glasses  of  the  system. 
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ZnO  Ta^Og  --  SiOg 


The  system  has  been  studied  by  Brown  and  Hummel  [1],  in  the  subsolidus 


region.  Coexisting  phase  triangles  are  introduced  in  Fig.  305.  Solid  solutions 


have  not  been  found. 


ZnfTaOjk 
A -jVaPJ: / 


ZnO  Z^SiCj, 

a  Mv -i  % 


Fig.  305.  Coexisting  phase  triangles 
of  ZnO  --  TagOg  --  SiOg  system 
(from  Brown  and  Hummel). 

Key: 

a.  Mole  % 
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CKROMOSILICATE  SYSTEMS 
MgO  --  Cr2Og  --  Si02 

!'  <  The  system  has  been  studied  by  the  quenching  method  by  Keith  [3]. 

Extensive  investigations  in  the  subsolidus  region  have  been  carried  out  by 
KLyucharov  and  colleagues.  Keith  did  not  find  ternary  compounds.  A  large 
region  of  immiscibility  of  the  liquids  has  been  established,  adjacent  to  the 

| 

ISiC>2  --  Cr2Og  side  (Fig.  306).  It  is  interesting  that,  of  the  six  compounds 
existing  in  this  system  --  MgO,  SiOg,  CrgOg,  2Mg0*Si02,  MgO*  SiOg  and 
^  MgO*Cr2Og  --  the  triple  diagram  field  is  occupied  predominantly  by  only 

|  3  compounds,  MgO,  Cr^Og  andMgO*Cr2Og  (magnesiochromite).  The 

[  cristobalite  field  is  especially  small  (see  upper  left  in  Fig.  306). 

|  The  immiscible  liquids  give  glass  upon  cooling.  The  silica- rich  liquid 

|  has  an  index  of  refraction  of  1. 462,  which  is  close  to  the  index  of  pure  silica 

i 

>  glass  (1.458).  Coexisting  phase  triangles  of  the  system  are  introduced  by 

| 

]  Ford  and  Rees  (2J. 

1 

J  ,  Klyucharov  and  Khlebnikova  [1]  have  studied  the  reactions  foiming 

compounds  in  the  subsolidus  region  (annealing  in  the  1000-1600°  **ange). 
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Fig.  306.  Phase  diagram  oi  MgO  --  C^Og  -- 
SiOp  system  (from  Keith). 

Key: 

a.  Chromic  oxide  e.  Protoensta.ite 

b.  Region  of  two  liquids  f.  Forsterite 

c.  Cristobalite  g.  Periclase 

d.  Magnesiochromite  h.  Weight  % 

Ternary  compounds  were  not  found.  All  of  the  chromic  oxide  reacts  quickly 
with  magnesium  oxide  below  1000°,  with  formation  of  MgOCrgOg.  Regard¬ 
less  of  the  ratio  of  the  initial  oxides,  the  first  silica  e  compound  is  forsterite, 
which,  in  the  case  of  the  presence  of  an  excess  of  silica,  forms  enstatite  as 
a  secondary  phase.  In  the  MgO  --  2MgO.  3i02  --  MgO*Cr203  concentration 
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region,  2MgO*  SiO^  is  present  in  samples  annealed  at  1400°,  when  equilibrium 
is  reached  rapidly.  In  the  MgOCrgOg  --  2MgO*SiC>2  --  Si02  concentration 
region,  when  2MgG'  Si02  and  MgO*  Si00  are  present,  equilibrium  is  reached 
over  a  long  period  of  time. 

INVARIANT  POINTS  OF  MgO  --  CrgOg  --  Si02  SYSTEM 


C- 

llpoitccc 


F  hlppnK.’ia3-H'('P<",cF^+  mSnreKTHKa 

MariiMiioxpfiMitT+'iiiin- 
.  koctnV 

K  jIli’'>T'i'i,i.TaiiiT-r!:|iiicToGait  » 

;iut  fc;un  up  uioxpoMiiT  4- 
-t-aai.iK^.Ti.  *  < 

H  3<l'(.|itTcpm4ii(K>TODiiCTa- J  flPonw.iioii- 

TiiT-^vauic:moxpoMirr-l-  nan  Touca 
•i  HnUKOCTbV 


-;-;khakocti.*v 


4  CccTun,  ncc.\. 

gXCMUC- 

MgO  Cr,o,  j  SIO, 

parypn, 

°C 

59  1  40 

1850+10 

34.5  1  64.5 

15:6+  3 

39  2  59 

i  1550  fc  5 

—0.5  —0.5  99 

1710+10 

a.  Points  (Fig.  306) 

b.  Phases 

c.  Process 

d.  Composition,  weight  % 

e.  Temperature,  °C 

f.  Periclase 

g.  Forsterite 


h.  Magnesiochromite 
i  Liquid 

j.  Pif/toenstatite 

k.  Cristobalite 

l.  Ch.-amic  oxide 

m.  Eutectic 

n.  Reaction  point 


o.  Same 
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CaO  --  CrgOg  --  SiOg 

The  system  has  been  studied  by  Glasser  and  Gsborn  [6]  by  the  quenching 
method.  The  region  adjacent  to  the  CaO  apex,  where  the  appearance  of 
chromium  with  high  valence  is  possible  under  oxidizing  conditions,  was  not 
studied.  A  phase  diagram  of  the  system  is  presented  in  Fig.  307.  The  char¬ 
acteristics  of  the  cristobalite  field  are  given  at  the  upper  right  in  this  figure. 
The  liquid  phase  separation  region  adjoins  the  Cr203  --  Si02  side.  In  the 
boundary  section,  where  the  Cr203  and  eristobalite  fields  meet,  two  crystal¬ 
line  and  two  liquid  phases  coexist.  One  of  these  liquids  is  almost  pure  silica, 
and  the  second  has  the  composition  2n  weight  %  CaO,  1  Cr203  and  72  Si02. 

One  ternary  compound  has  been  found  in  the  system,  3CaO-  Cr203* 
3SiO<>  ~  Ca3Cr2Si3Ol2»  which  is  found  in  nature  in  the  form  of  the  mineral 
uvarovite.  This  compound,  existing  at  low  temperatures,  dissociates  at 
1370°  into  CaSi03  and  Cr203>  A  diagram  illustrating  the  phase  equilibria 
along  the  CaSiOg  --  Cx'203  profile  is  presented  in  Fig.  308.  The  subsolidus 
phase  relationships  and  coexisting  phase  triangles  at  1350°  are  shown  in  Fig. 
309. 

The  authors  point  out  that  the  compound  of  calcium  oxide  and  chromic 
oxide,  io  which  Ford  and  Rees  [4]  ascribed  the  formula  9Ca0*4Cr03”  Cr203, 
actually  is  a  compound  with  pentavalent  chromium  Ca3(CrO^)2,  which  is 
structurally  similar  to  Ca3(PC^;,  ar.d  which  forms  a  solid  solution  with 
Ca^SiO^  containing  up  to  20%  chromate.  The  compound  Ca3(CrO^)2  can  be 
obtained  by  heating  (24  hours)  a  mixture  of  tne  imposition  3CaO  Cr203  in 
air  at  900-1000°.  It  is  stable  in  the  low  temperature  range.  At  800°,  it  is 
oxidized  to  CaCrO^,  and  it  can  be  melted  congruently  a*,  1228°. 
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Fig.  308.  Phase  diagram  of  partial  system  CaSiOg  - 
Cr9Og  (from  Glasser  and  Osborn). 

Key: 

a.  Two  liquids 

b.  Weight  % 


Swisher  and  McCabe  [8]  have  studied  the  phase  separation  of  melts. 
They  showed  that  phase  separation  is  observed  at  1600°.  Tne  authors  pro¬ 
posed  an  original  method  for  determination  of  the  chemical  composition  of  the 
liquid  phases  separating,  which  is  especially  suitable  for  liquids  which  easily 
give  emulsions.  A  binary  melt  (CaO  +-  SiOg)  is  in  a  platinum  crucible  with 
holes  in  the  sides,  placed  inside  a  large  crucible.  Cr2Og  powder  is  poured 
into  the  large  crucible,  above  which  a  binary  calcium  silicate  melt  is  built  up. 
After  prolonged  controlled  heating  of  the  entire  system  and  achievement  of 
equilibrium,  the  innercrucible  contains  only  lighter  liquid  A;  two  liquid  layers 


& 


I 


Aivi'ri  ■~i'r;vrl  ijurr 
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Fig.  309.  Diagram  of  subsolidus  phase  relationships 
of  CaO  --  CrgOg  --  Si02  system  at  1350°  (from 
Glasser  and  Osborn). 

Key: 

a.  Tridymite 

b.  Uvarovite 

c .  Rankinite 

d.  Weight  % 


are  observed  in  the  outercrucible,  of  which  only  the  lower  one,  liquid  B,  is 
analyzed.  The  results  of  determination  of  the  composition  of  both  liquids, 
the  chromic  oxide -poor  liquid  A  and  the  chromic  oxide -rich  liquid  B,  are 
presented  in  Fig.  310,  The  oval-shaped  phase  separation  region  extends  from 
the  CaO  --  Si02  side  in  the  CrgG^  direction.  The  tie  lines  are  almost  parallel 


to  one  another. 


CaO  <>0  50  SO  70  SiOt 

S(0,,kc’/c±  — * 


Fig.  310.  Phase  separation  of  melts  in  CaO  -- 
CrgOg  --  Si02  system  (from  Swisher  and  wicCabe). 

Key: 

a.  Weight  % 

Boykova  and  colleagues  [2],  annealing  tricalcium  silicete  3 CaO*  Si00 

Cl 

with  Cr203  at  1450-1500°,  showed  that  the  solubility  of  Cr2C3  is  1.  5  weight 
%.  The  resulting  limiting  solid  solution  has  indices  of  refraction  Ng  =  1. 726  ± 
0.C03  and  Np  -  1.  722  1.  0.003.  The  authors  observed  an  interesting  process 
of  br<;a.^dc\vr  of  the  solid  solution,  taking  place  at  a  temperature  of  about  1000°. 

A..*  a  "osult  of  the  breakdown,  calcium  oxide  and  strongly  birefringent,  green 
crystals,  with  indices  of  refraction  Ng  —  1.  767  J:  0.003  and  Np  =  1.754  £  0.003, 
i'^m.  The  nature  of  these  crystals  has  not  been  precisely  established,  and 
the  authors  propose  that  they  are  a  yoiid  oolution  of  Cr2C>3  in  2CaC’  Si02-  It 
is  is  Cresting  that  incorporation  of  magnesium  oxide  into  the  solid  solution 
prevents  u*  breakdown. 


-  480  - 


INVARIANT  POINTS  OP  CaO  —  CrgOg  --  SiOg  SYSTEM 
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Key: 


a.  Points  (Fig.  307) 

h. 

Liquid 

b.  Phases 

i. 

Rankinite 

c.  Process 

j. 

Transformation 

d.  Composition,  weight  % 

k. 

Eutectic 

e.  Temperature,  °C 

1. 

Dystectic 

f.  Cristobalite 

m. 

Peritectic 

g.  Tridymite 

n. 

Same 

Sychev  and  Korneyev  [3]  have  shown  that  the  maximum  solubility  of 
CrgOg  in  3CaO«  SiOg  at  1500°  is  approximately  2  wei$it  %.  With  a  higher 
Cr2°3  content»  Part  of  tiie  Si°2  is  replaced  by  chromic  oxide  and  2 CaO*  SiOg 
and  free  calcium  ox  de  form.  The  authors  confirmed  their  conclusions  by 
thermographic  and  1R  spectroscopic  examinations. 

Berezhnoy  [1]  notes  the  nonreproducibility  of  uvarovite  synthesis  by 
means  of  solid-phase  reactions,  from  a  mixture  of  CaSiOg  and  Cr203.  Hummel 
[7]  and  Geller  and  Miller  f5J  were  engaged  in  uvarovite  synthesis. 
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^e3^4  ^r2^3 

Phase  equilibria  in  the  system  have  been  studied  in  an  atmosphere  of 
air  by  the  quenching  method  by  Muan  and  Somiya  [2],  A  phase  diagram  for 
the  liquidus  temperature  section,  obtained  by  projecting  the  phase  relation¬ 
ships  on  the  Feg04  --  Cr2Og  --  Si02  plane,  found  along  an  uneven  isobaric 
surface  (Og  pressure  —  0.21  atm),  passing  through  the  tetrahedron  of  the 
Fe-Cr-Si-O  system,  is  represented  in  Fig.  311.  The  section  of  the  diagram 
adjacent  to  the  silica  apex  is  given  to  the  right  of  the  triangular  diagram,  in 
enlarged  form. 

The  lowest  liquidus  temperature  (in  an  atmosphere  of  air)  in  the  Fe^O^  — 
SiOg  system,  i.  e. ,  the  eutectic  which  is  in  equilibrium  with  tridymite, 
magnetite  and  liquid,  according  to  Muan  [1],  is  1455°.  In  proportion  to  addition 

of  Cr2C>3  to  the  Fe^O^  +■  SiOg  mixture,  the  liquidus  temperature  rapidly 
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Fig.  311.  Phase  diagram  of  FegO^  --  Ci^Og 
SiC>2  system  (from  Muan  and  Somiyr). 


Key: 

a.  Cristobalite  d.  Tridymite 

b.  Two  liquids  e.  Weight  % 

l  )  c.  Spinel 


increases alongthe  boundary  curves  on  which  tridymite  (or  cristobalite), 
spinel  solid  solutions  and  liquid  are  in  equilibrium .  With  increase  in  amount 
of  Cr2C>3,  the  liquidus  temperature  continues  to  increase,  initially  along  the 
liquidus  surface  of  the  spinel  solid  solutions,  through  the  region  of  two  im- 
iscible  liquids  and  then  along  the  liquidus  surface  of  the  sesquioxide  solid 
solutions. 


ht  ce 


Fig.  312.  Isothermal  sections  illustrating  phaju2  relation¬ 
ships  during  change  in  temperature  from  1400  to  1700°  in 
the  Fe^O^  —  ^r2®3  —  SiOg  system  ^rom  Muan  and 
Somiya):  a.  1400°;  b.  1500°;  c.  1700°;  K.  cristobaliie; 

P.  sesquioxide;  S.  spinel;  T.  tridymite. 

Key: 

d.  Weight  % 

e.  Two  liquids 


Three  iscbaric  invariant  sections  have  been  established  in  the  system, 

in  which  the  following  phase  asf  jciations  are  in  equilibrium  (weight  %): 

1.  at  1710°,  cristobalite,  spinel  solid  solutions  (50%  FegO^,  50%  OgOg), 

sesquioxide  solid  solutions  (29%  FegO^,  71%  CrgOg),  liquid  (91%  SiOg,  6% 

Pe3*^4'  ^ 0  ^r2*"V  gas  (P0  =  0*21  atm);  2.  at  approximately  1850°, 

2 

spinel  solid  solutions  (43%  Fe^O^,  57%  CrgOg),  sesquioxide  solid  solutions 

(18%  Fe304,  82%  CrgOg),  two  liquids  (89%  SiOg  +  5%  Fe304  +  6%  Cr203 

and  31%  SiOg  4*  **o%  Fe304  4-  23%  CrgOg)  and  gas  (Pq  ~  0.21  atm);  3.  at 

2 

1700°,  cristobalite,  spinel  solid  solutions  (69%  FegO^,  31%  Cr2C>3),  two 
liquids  (83%  Si02  f  15%  Fe304  -i*  2%  Cr2C>3  and  34%  Si02  +  56%  Fe304  4-  10% 
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FERRISILICATE  SYSTEMS 


Na20  --  Fe2Og  --  SiOg 

The  system  has  been  studied  by  Bowen  and  Schairer  [3]  and  Bowen, 
Schairer  and  Willems  [4].  At  elevated  temperatures,  as  a  consequence  of 
dissociation  of  ferric  oxide,  a  small  (on  the  order  of  1%)  quantity  of  ferrous 
oxide  (FcO)  appears,  which  can  be  disregarded.  Four  ternary  compounds 
have  been  found:  Na20*  Fe20g*4Si02  (acmite  or  aegirite),  5Na2<>  Fe2Og* 
8Si02,  6Na20‘4Fe203‘ 5Si02  and  2Na20’ FegOg*  SiOg.  The  fields  of  some 
ternary  compounds  are  shown  in  Fig.  313.  The  direction  of  the  tridymite- 
hematite  boundary  line  indicates  the  small  likelihood  of  existence  of  compounds 
between  Fe2Og  and  Si02  and,  rather,  is  evidence  that  complete  immiscibility 
should  be  observed  between  these  oxides  in  the  molten  state. 

Acmite  NagO*  Fe2Og*  4Si02  melts  incongruently,  according  to  new  data 
of  Bailey  and  Schairer  [2],  at  988  il  5°,  with  separation  of  hematite  and  liquid, 
the  composition  of  which  becomes  identical  with  the  composition  of  acmite  at 


/ 


Fig.  313.  Phase  diagram  of  partial  triple  system  Na2D* 
SiOg  —  FegOg  —  SiOg  (from  Bowen  and  colleagues). 

Key: 


a.  Tridymite 

b.  Quartz 

c.  Acmite 


a.  Two  liquids 

e.  Hematite 

f.  Weight  % 


The  compound  SNUgO’FegOg*  8S?.02  melts  congruently  at  838°.  The 
strongly  basic  compound  6Na2<>  4Fe2Og*  5Si02  has  a  small  field,  intersecting 
the  line  passing  between  NagO*  SiCX,  and  FegO.^,  and  it  melts  congruently  at 
1091°.  Doubts  are  expressed  as  to  the  existence  of  the  compound  2NagOFe2Og' 

sio2. 
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Fig.  314.  Phase  diagram  of 
partial  system  Na20*  Si02  — 

Fe203  (from  Bowen  and  colleagues) 
Key: 

a.  Hematite 

b.  Weight  % 


Fig.  315.  Phase  diagram  of 
partial  system  Na2O2Si02  — 
FegGg  (from  Bowen  and  colleagues) 
Key: 

a.  Acmite 

b.  Hematite 

c.  Weight  % 


a.  Hematite 

b.  Acmite 

c.  Weight  % 


Fig,  316.  Phase  diagram  of 
partial  system  Na20*  FegOg* 
4Si02  Fe2Og  (from  Eowen 
and  colleagues). 


Fig.  3i7.  Phase  diagram  of 
partial  system  Na2O4Si02  — 
Na0O*  FegOg*  4Si02  (from 
Bowen  and  colleagues). 

Key: 

a.  Tridymite  d.  Quartz 

b.  Hematite  e.  Weight  % 

c.  Acmite 
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Four  partial  binary  profiles  are  given  in  Figs.  314-317. 

Gilbert  [5, 6]  has  studied,  the  behavior  of  acmite  at  high  pressures.  With 
increase  in  pressure,  the  melting  temperature  of  acmite  increases,  exceeding 
1600°  at  a  pressure  of  50  kbar.  A  curve  of  the  incongruent  melting  of  acmite 
is  shown  in  Fig.  313.  This  kind  of  melting  of  acmite  has  been  followed  to  a 
pressure  of  45  kbar,  and  it  is  expressed  by  the  equation  t(°C)  -  988  +  20. 87P 

r* 

(kbar)-0. 155  P  (kbar).  Attention  is  attracted  to  the  extremely  steep  rise  in 
the  melting  curve  of  acmite  (20°/kbar). 


Fig.  318.  Acmite  melting 
temperature  vs.  pressure 
(from  Gilbert). 

Key: 

a.  Hematite 

b.  Magnetite 

c.  Acmite 

d.  P,  kbar 
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TABLE  1 

INVARIANT  POINTS  OP  Na„0  --  Fe„CL  —  SiO„  SYSTEM 
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>  •/ 

A 

°  Tcune- 

(rue. 

313) 

<X>:  3U 

i 

Na  O 

SSO, 

Fe,0, 

PBT^ia, 

! 

1 

A 

Ni.0  -2^iO,-(-Na.O  -Fe.O,  .4SiO,+SiOt 
«(t!Bnpn)  -f-iUUAKOCTb-f 

40.6 

49.2 

4.2 

760 

11 

31.0 

57.2 

14.8 

870 

C 

Na.O  •I’c.Oj  •  iSiOj+FejOj-fSiO.fTpnaaQ 
M!iT)-r;iaw/.ontff- 

20.5 

57.8 

21.7 

955 

a 

Nn.O  •2Si0j-i-Na;0  »F«»aOa  *4Si0s  jkv-a-^- 

54.8 

35.0 

10.2 

310 

F 

N.tjO  -Vi'iOj-rN.vO  I  cjO, •4SiO.-i- 

-r.r'.\  i ,0  .Fi'jOi •SSiOj+HauicooitfP 

57.8 

31.2 

11.0 

800 

b 

N  ;t )  *23*1 ‘3  -f  S.\  ?.<) .  *KSiC3  +>k»W«£ 

l««K*Tt» 

63.5 

25.6 

8.9 

818 

c 

N;u()  ^i().i:4-5:l'diO •lv:03 •8^’;02+>kda-?' 
i;ocrj. 

65.3 

18.4 

16.3 

857 

G 

SNa.O •  i'O.O,  -8SH ).-f NiijO -t  'a03 • 

•  iSi*)  .  •  |-!'V .( Vhaai/WoeTuf' 

50.7 

20.5 

28.8 

809 

d 

5Na '  •  F  ’,0.i  -SSiO.  -(-IV.Oj  WKocTb'f” 

55.0 

1C.2 

28.8 

816 

11 

NiU)  -Sic.-l-Fc.Oj+SNnjO -FcjO,- 
•  8SiO,-i-HUtT.;ccTi»-f' 

59.2 

11.9 

28.9 

815 

1 

Na.0  -Sit),  l-KcO,-|-GNa,0 -IFejO, • 

..  5St0.1-|-)iiH:ii;ocTb,r 

58.6 

4.-. 

37.0 

875 

K 

N;»20  -SiOs+iNiuO  •2Sjpi+5Na1!0  -FOjO,  • 

•  SSi02-p<K1UI((.CTl.T 

70.1 

23.9  | 

! 

6.0 

816 

— 

j>N  n-0 .  Fo203  •Kc>iOs+;i;n^i:ocTL  y" 

61.2 

19.0 

10.8 

833 

itS^£S» 


a.  Points  (Fig.  313) 

b.  Phases 

c  Composition,  weight  % 
d.  Temperature,  °C 


e.  Quartz 

f.  Liquid 

g.  Tridymite 


Bailey  [1]  has  studied  the  fusibility  of  acmite  in  the  presence  of  water 
vapor,  under  conditions  of  controlled  oxygen  pressure.  The  melting  of  acmite 
is  very  sensitive  to  oxidizing  conditions.  Thus,  at  an  oxygen  pressure 
created  by  a  buffer  of  hematite  and  magnetite,  acmite  melts  at  a  total  pressure 
)  of  2  kbar  and  temperature  of  870®  with  decomposition  into  hematite,  magnetite 
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Compound 
Crystal  system 
Appearance 
Cleavage 

Optical  orientation 

Notes 

Hexagonal 

Prisms 

Glass 

Rounded  grains, 
polysynthetic  twins 
(aegirite  or  acmite) 

Monoclinic 

Thin  plates  along  (100) 

Perfect  along  (110)  at  angle  of  88° 
Optical  axis  plane  (0. 10)  3 

Elongation  II  c$  density  3.55  g/c.m’5 
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and  liquid;  correspondingly,  with  a  quartz,  fayalite  and  magnetite  buffer,  the 
melting  of  acmite  (at  the  same  total  pressure)  iakes  place  at  780°,  with  de¬ 
composition  into  magnetite  and  liquid. 
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K^O  —  FegOg  SiOg 

The  system  has  been  studied  partially  by  Faust  [2],  who  presented  the 
profile  KgO-GSK^  —  KgO*  FegOg*  6Si02  (Fig.  319),  which  should  be  considered 

-  «2°s  - 

SiOg  system  exist  in  the  IC,0  --  Fe2Og  --  SiOg  system,  namely:  Fe  ortho- 
clase  KgO*  Fe^G^’  6SiG2,  Fe  leucite  Fe^Og-  4Si02  and  Fe  kaliophylite 
KgO*  Fe202‘  2Si02.  These  ternary  compounds  are  shown  in  Fig.  320. 

Wones  and  Appleman  [4]  have  shown  that  iron  feldspar  exists  in  two 
polyi-iorphic  forms.  The  low -temperature  form,  similar  to  microcline,  was 
synthesized  from  a  mixture  of  crystallized  glass  having  the  composition  KgO 
6SiC>2  and  ferric  oxide  (Fe2Og),  at  a  pressure  of  1000-2000  bar  and  a  tempera¬ 
ture  below  690°.  The  high-temperature  form,  similar  to  sanidine,  was  ob¬ 
tained  by  a  synthesis  carried  out  above  710°.  Gaubert  [3]  synthesized  Fe-sanidine 


to  be  pseudobinary.  Compounds  similar  to  the  compounds  in  the  K^O 
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Fig.  319.  Phase  diagram  of  partial  system 
K2<>6Si02  --  KgO- FegOg*  6Si02  (from  Faust). 

Key: 


a.  Hematite 

b.  Tridymite 

c.  Metastable  cristobalite 

d.  Quartz 

e.  Metastable  tridymite 


f.  Fe-leucite 

g.  Fe-orthoclase 

h.  Glass 

i.  Weight  % 


by  heating  a  mixture  of  SiOg  and  FCgOg  in  molten  calcium  vanadate.  The 
transition  of  Fe-sanidine  into  Fe-microcline,  according  to  Wones  and 
Appleman,  takes  place  at  the  pressure  of  2000  bar  and  60G°.  At  770°  and 
1000  bar,  Fe-microcline  completely  changes  to  Fe-sanidine. 

Fe-sanidine  melts  with  decomposition  at  920°.  Crystals  of  Fe-microcline 
are  in  the  triclinic  system.  The  optical  orientation  B,  Z  Ac  =  20  t.  5°. 

The  unit  cell  parameters:  a  s=  8.69,  b  =  13.11,  c  =  7. 33  A,  (X  —  GO^S', 

$  —  116°02',  y  =*  86°30'.  Fe-sanidine  crystals  belong  to  the  monoclinic 
system,  and  they  have  indices  of  refraction  (according  to  Gaubert):  Ng  —  1.609, 
Nm  =»  1.605,  Np  =  1.601.  The  optical  orientation  Y  «  l.  Z  A  c  *  16  1  4°. 

The  unit  cell  parameters:  a  =*  8.69,  b  *  13. 12,  c  *  7.3?  A,  ft  -  116°06’  ^ 
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Fig.  320.  Ternary  compounds  in  KgO  --  Fe^O,  — 
Si02  system  (from  Faust).  * 

Key: 

a.  Fe-orihoclase 

b.  Fe-leucite 

c.  Fe-kaliophylite 

d.  Weight  7o 


Faust  and  Beck  [1,2]  measured  the  indices  of  refraction  of  glasses  of 
the  KgO  —  ^e2®3  —  SiOg  system. 
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MgO  --  Fe2Og  --  SiOg 

The  phase  diagram  of  the  system  has  not  been  determined.  Berozhnoy 
VsJ  [1,2]  showed  that,  in  the  partial  section  Mg2Si04  --  MgFe204,  there  is  a 

eutectic  containing  75  weight  %  MgFe204,  melting  at  1670°.  A  triple  eutectic 
formed  by  the  MgSiOg,  Fe^Og  and  Si02  fields,  melts  at  1340°. 

Forsterite  Mg2Si04  reacts  with  hematite  Fe2Og  at  temperatures  over 
1000°,  with  formation  of  MgSiOg  and  MgFe204«  As  a  result  of  triangulation 
of  the  system,  it  was  shown  that  MgFe204  coexists  with  MgSiOg  and  Mg2SiC>4 
and  Fe2Og  with  MgSiOg. 

Coes  [3],  under  high  pressure  conditions,  obtained  a  garnet  unknown 
|  J  in  nature,  kokharite  MggFe2(Si04)g. 

Koltermann  [4]  has  studied  thermal  decomposition  of  olivines  contain¬ 
ing  11,  34  and  53  weight  %  FegSiOj  and  89,  66  and  47  weight  %,  respectively, 
Mg2Si04. 

At  820°,  oxidation  of  divalent  iron  to  trivalent  takes  p’ace.  The  silica 
l  )  freed  in  this  case  is  X-ray-amorphous  at  this  temperature.  At  elevated 


temperatures,  part  of  it  is  transformed  into  cristobalite  (1080°),  and  part 


reacts  with  Mg2Si04,  forming  enstatite.  These  reactions  take  place  simul¬ 
taneously  and  rapidly,:  With  heating  for  many  hours  at  1100°,  FegC>4  is  formed. 
Mg2Si04,  cristobalite,  MgSiOg,  Feg04  and  residual  Fe2Og  are  found  at  1200° 
by  X-ray  radiography. 
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PbO  --  Fe203  —  Si02 

The  system  has  been  studied  by  Glasser  [1],  in  the  subsolidus  region. 
Annealings  were  carried  out  at  650-700°.  Besides  the  known  ternary  compound 
melanotekite  2PbO*  Fe2Og*  2Si02,  phase  X  was  obtained,  with  a  probable 
composition  12PbO*Fe2Og*  2Si02  (Fig.  321).  At  650°,  melanotekite  coexists 
{  J  with  the  following  phases:  alamosite  (PbSiOg),  quartz,  hematite  (Fe2Og), 
magnetoplumbite  (PbO*6Fe2Og)  and  plumboferrite  (PbO*  FegOg). 


Fig.  321.  Coexisting  phase  triangles  of  PbO  -- 
Fe203  —  Si02  system  at  650°  (from  Glasser): 

A.  alamosite;  B.  hematite;  C.  litharge;  D.  quartz; 
E.  Magnetoplumbite;  F.  melanotekite;  G.  plumbo¬ 
ferrite. 

Key:  a.  Mole  % 
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Melanotekite  has  the  following  rhombic  unit  cell  parameters:  a  -  6. 97, 


b  *  11.0,  c  ss  9.93  A.  Melanotekite  is  isostructural  with  kentrolite  (2PbO* 
Mn203*2Si02>. 

Q 

The  new  compound  12PbO*  FegOg*  2Si02  with  a  density  of  8. 1  g/cm  , 
is  slightly  ferromagnetic.  Upon  heating  to  740°,  no  signs  of  melring  were 
found.  Prolonged  roasting  at  700°  does  not  lead  to  noticeable  loss  in  weight, 
and  it  can  be  considered  that  there  are  no  compounds  of  higher  valence  lead 
or  iron  in  the  compound  being  discussed. 
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CoO  --  Fe^O^  --  SiOg 

The  system  has  been  studied  by  Masse  and  Muan  [1-4],  by  the  quench¬ 
ing  method.  The  liquidus  surface  is  presented  ;n  Fig.  322.  There  are  two 
triple  isobaric  invariant  points  in  the  system:  point  a,  with  a  temperature  of 
1328  i  5°  and  composition  58  weight  %  CoO,  16  weight  %  Fe^O^  and  26  wei^it 
%  Si02»  and  point  b,  with  a  temperature  of  1313  i  5°  and  composition  55 
weight  %  CoO,  14  weight  %  Fe304  and  31  weight  %  SiOg.  The  maximum  on 
the  silica  —  spinel  curve  corresponds  to  a  temperature  of  1483  it  5°,  and  it 
has  the  composition  15  weight  %  CoO,  63  weight  %  Fe304  and  22  weight  % 

SiOg. 

The  coexisting  phase  triangles  are  presented  in  Fig.  323.  Points  c 
and  d  indicate  the  compositions  of  spinel  solid  solutions  occurring  in  equilibrium 
with  liquids  b  and  a,  respectively,  and  point  e,  the  composition  of  crystals  of 
the  (Co,  Fe)0  solid  solution,  occurring  in  equilibrium  with  liquid  a. 
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Fig.  322.  Phase  diagram  of  CoO  --  FegO^  - 
SiOg  system  (from  Masse  and  Muan) . 

Key: 

c.  Cristobalite  f.  Spinel 

d.  Tridymite  g.  Weight  % 

e.  Olivine 
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Fig.  323.  Coexisting  phase 
triangles  of  CoO  --  Fe^O^  -- 
SiC>2  system  (from  Masse  and 
Muan). 

Key: 

f.  Silica 

g.  Spinel 

h.  Olivine 

i.  Weight  % 
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SYSTEMS  CONTAINING  FLUORINE 


Na^O  —  NaF  —  Si02 

The  partial  profile  NaF  —  NagSiOg  has  been  studied  by  Booth  and 
Starrs  [1].  Booth,  Starrs  and  Bahnsen  [2]  found  only  a  binary  eutectic  in  the 
NagSigOg  —  NaF  system,  corresponding  to  a  temperature  of  727°  anti  a  NaF 
content  of  39.5  mole  %  (Fig.  324). 


B  ig.  324.  Phase  diagram  of 
partial  system  NagSigOg  -- 
NaF  (from  Booth  and  Starrs). 
Key: 

a.  Mole  % 
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MgO  —  MgF2  -  SiOg 

The  system  has  been  studied  by  Fujii  and  Sitel  [2],  Kinz  and  Kunth  [3] 
and  MacCormick  [4].  Phase  separation  of  the  melts  has  been  studied  by 
Ol'shanskiy  [1J.  According  to  [2],  as  a  result  of  solid-phase  reactions  at 
1200°,  fluoronorbergite  2MgO*  SiOg*  MgF2  and  fluorcchondrodite  2(2MgO- 
Si02)*MgF2  (Fig,  325)  are  produced  easily  and  quickly;  fluoroclinohumite  is 
produced  by  prolonged  (42  hours)  exposure  of  the  samples.  Hinz  and  Kunth 
also  have  obtained  only  two  compounds,  fluoronorbergite  and  fluorcchondrodite. 


»¥t 


Fig.  32  5.  Schematic  diagram  of  phase  relationships 
of  MgO  --  MgF2  —  SiC>2  system  (from  Fujii  and  Eitel). 
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MacCormick  [4]  conducted  tests  in  closed  platinum  cap  miles  at  1100-1000°. 


The  compositions  were  selected  for  t  e  purpose  cf  verifying  ai>  proposed 


compatibility  lines  (Fig.  326).  The  plotted  diagram  of  the  coexisting  phase 


triangles  consistsof  eleven  partial  triple  systems,  in  which  the  existence  in 


synthetic  preparations  of  all  four  fluoro silicate  compounds  was  established: 


fluoronorbergite,  fluorochondrodite,  fluorohumite  (3Mg23iO^*  MgF2)  and 
fluoroclinohumite  (4Mg2SiO^*  MgFg) .  Fluorohumite  and  fluoroclinohumite 
melt  with  decomposition;  therefore,  the  number  of  partial  triple  systems  for 


the  liquidus  region  will  be  different  (less  than  eleven).  Fluorohumite  can  be 


synthesized  at  a  temperature  of  about  1190°  (no  higher). 


2MglSiOiMgFl. 

JMjW-MifX 
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Fig.  326.  Coexisting  phase 
triangies  of  MgO  --  MgF2  — 

SiO«  system  (from  MacCormick). 
Key: 


a.  Mole  °/o 


Ol'shanskiy  [1]  has  studied  the  equilibrium  of  the  immiscible  liquids  in 
the  system.  The  investigations  were  carried  out  in  riveted  molybdenum 
crucibles  (weighed  batch  0.03-0.06  g),  in  a  furnace  with  a  molybdenum  heater. 
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Evaporation  of  the  SiF4  formed  by  the  reaction  of  the  metal  fluorides  and  Si02 
practically  did  not  take  place  from  such  crucibles.  The  presence  of  two  liquid 


phases  was  determined  microscopically  in  immersion  preparations.  Low- 
refraction  glass  (liquid  rich  in  SiOg),  with  round  inclusions  of  the  second  liquid 
scattered  in  it  usually  was  observed  in  the  preparations;  sometimes,  formation 
of  two  layers,  separated  by  a  meniscus  boundary,  took  place  in  the  crucible. 


Fig.  327.  Region  of  equilibrium  of 
two  liquid  phases  in  the  MgFr  --  MgO  - 
SiOQ  system  (from  QL'shanskiy). 

Key: 

a.  Two  liquids 

b.  One  liquid 

c.  Weight  % 


The  region  of  equilibrium  of  two  liquid  phases  in  the  MgF2  --  MgO  -- 
Si02  system  is  shown  in  Fig.  327;  the  open  circles  designate  samples  contain¬ 
ing  two  liquids  and  the  solid  ones,  samples  with  one  liquid.  The  index  of  re¬ 
fraction  of  the  Si02  rich  glass  fluctuated  from  1.446  to  1.456  (for  different 
samples) . 
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CaO  --  CaF2  —  SiOn 


Karandeyev  [2]  and  then  Baak  and  Olander  [7]  have  studied  the  partial 


system  CaO*Si02  —  CaF2  (Fig.  328).  Eitel  [10]  has  studied  the  partial  triple 
(  _  )  system  CaO  —  CaF2  —  2CaO*  SiOg.  Lapin  [4]  refined  the  data  of  Eitel.  One 
ternary  compound  3CaO*  CaF2*  2Si02,  corresponding  to  the  natural  mineral 


cuspidine,  has  been  established. 


■' vv/1 
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Fig.  328.  Phase  diagram  of  partial 
system  CaSiOg  —  CaF2  (from 
Karandeyev  ....  dashed  lines  and  from 
Baak  and  Olander  in  solid  lines). 
Key: 

a.  Mole  % 
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According  to  McCaughey  and  colleagues  [13],  cuspidine  melvs  with  de¬ 


composition.  Brisi  [9]  indicates  that  cuspidine  melts  congruently  a  little  abo\  e 


1400°  and  has  a  density  of  3.05  g/cm  . 


o 
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£0  VI  60  tO 
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Fig.  329.  Region  of  two  liquid  phases 
in  CaO  --  CaF2  --  SiC^SiF^)  system 
(from  Yershova  and  Ol'shanskiy). 


Key: 


a.  Two  liquids 

b.  One  liquid 

c.  Weight  % 


Separation  of  the  liquid  phases  has  been  studied  by  Yershova  and. 
Olshanskiy  [1],  The  region  of  two  liquid  phases  in  the  CaO  —  CaF^  — 
Si02(SiF4)  system  is  shown  in  Fig.  329.  In  connection  with  formation  of  the 
SiOg-rich  liquid  phase  containing  SiF^  (appearing  as  a  conseq^n.v  of  the 
reaction  Si02  +•  2CaF2  SiF^  4-  2CaO),  the  system  is  shown  as  reciprocal. 

Mukerji  [14],  using  hermetically  sealed  platinum  tubes,  has  studied  the 
CaO  --  CaFg  --  2Ca0*Si02  system  more  fully  (Fig.  330).  Cuspidine  was  not 
found.  The  two  triple  eutectics  have  the  compositions:  £^1104°),  10  weight 
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Fig.  330.  Phase  diagram  of  partial  system  CaO  -- 
CaFg  —  2Ca0*Si02  (from  Mukerji) . 

Key: 

a.  Weight  % 

%  CaO,  46  weight  %  2Ca0*Si02  and  44  weight  %  CaF2;  Eg  (1100°),  3i  weight 

%  CaO,33.5  weight  %  2Ca0*Si02  and  35.  5  weight  %  CaFg.  In  the  presence  of 

a  fluoride  melt,  tricalcium  silicate  can  exist  stably  at  1104°,  while  pure 

Ca„SiO  is  stable  only  above  1300°.  Mukerji  plotted  a  complete  phase  diagram 
o  5 

of  the  CaO  —  CaFg  -  -  SiOg  system  (Fig.  331). 

Gutt  and  Osborne  [11]  have  studied  the  partial  profile  2 CaO*  Si00  — 
CaFg,  using  sealed  platinum  tubes.  The  phases  were  determined  on  quenched 
samples,  by  means  of  differential  thermal  analysis.  A  new  compound  was 
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Fig.  331.  Phase  diagram  of  CaO  —  CaF2  —  SiOg 
system  {from  Mukerji). 

Key: 

a.  Two  liquids  d.  Rankinite 

b.  Silica  e.  Weight  % 

c.  Pseudowollastonite 


discovered,  with  the  composition  (2CaO*  Si02)2‘  CaF2  (an  analog  of  calcio- 

chondrodite),  with  an  average  index  of  refraction  of  1.60,  biaxial  negative 

3 

crystals  ana  a  density  of  2.91  g/cm  ,  which  decomposes  at  1040°  into^CaO 
SiOg  and  CaFg  (Fig.  332). 
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Fig.  332.  Phase  diagram  of  partial 
system  2CaO*  SiOg  —  CaFg  (from 
Gutt  and  Osborne) . 

Key: 

...  Weight  % 


Later,  '^att  and  Osborne  [12]  obtained  a  new  calcium  silicofluoride, 
with  the  composition  (3CaO-  Si00)g*  CaFg,  for  which  the  appropriate  mixtures 
were  heated  in  a  sealed  platinum  tube  for  a  period  of  30  min  at  1300°,  and 
then  7  days  at  1130°.  The  crystals  are  greenish,  negative,  Nav  **  1.600, 

2V  <  15°. 

The  compound  (3CaO-  SiOg)3*  CaFg  is  unstable  below  1130°,  and  it  dis¬ 
sociates,  depending  on  temperature,  into  2CaO*  SiOg,  CaO  and  CaFg  or 
(2CaO*  SiOgJg’ CaFg  and  a  small  amount  of  CaFg.  The  new  silicofluoride 
melts  inc.ongruently,  forming  3 CaO-  SiOg  and  liquid. 
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Akaiwa  and  colleagues  [6],  describing  the  compound  llCaO*  4Si02*  CaF2» 
which  they  obtained,  apparently,  as  Gutt  and  Osborne  confirm,  was  the  compound 
(3CaO*  Si02)3*  CaF2. 

Judging  from  the  similarity  of  the  X-ray  photos,  Bereczky  [8]  obtained 
both  calcium  silicofluorides  described,  but  he  did  not  give  their  composi¬ 
tions. 

The  eutectic  of  dicalcium  silicate  and  CaF2<  according  to  Gutt  and 
Osborne,  contains  49. 2  weight  %  of  the  latter,  and  it  melts  at  1110°.  A  two- 
phase  region  exists  in  the  1040-1110°  temperature  range:  2CaOSiC>2  and 
CaF2.  Incorporation  of  fluorine  ion  into  the  CagSiO^  lattice  was  not  detected. 

CRYSTAULOOPTICAL  CHARACTERISTICS  OF  NATURAL  AND 

SLAG  CUSPIDINE 
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1.595  1  O.COt 
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1.590 

1.592  +0.002 

Ng-Hp . 

0.012  (0,010) 

0.013 

Key: 


a.  Crystallographic  and 
optical  properties 

b.  Natural  cuspidine 

c.  Slag  cuspidine 

d.  System 

e.  Monoclinic 

f.  Appearance 

g.  Spear-shaped  twins 
along  (100),  polysynthetic 
along  third  pinacoid 


h.  Spear-shaped  twins  along 
(i00),  simple  and  polysynthetic 

i.  Twinning  junction  coordinates 

j.  Optical  orientation  2V°  (+') 

k.  Cleavage 

l.  Definite  along  (001) 

m.  Basal  and  prismatic 
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Lapin  [3],  studying  cuspidine  from  electric  welding  slag,  introduces  the 
crystallooptical  characteristics  of  natural  and  slag  cuspidine  (see  table),  which 
subsequently  were  confirmed  by  Van  Valkenburg  and  Rynders  [15J.  Smirnova, 
Rumanova  and  Belov  [5]  gave  a  detailed  interpretation  of  the  structure  of 
cuspidine.  The  monoclinic -prismatic  crystals  of  cuspidine,  with  space  group 
**2/C*  **ave  urat  ceH  Pararneters  a  =  7.55,  b  =  10.43,  c  *  10.85  A,  {}  —  69°56', 
Z  =  4. 
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SrO  --  SrF2  —  Si02 

Yershova  and  01'  shanskiy  [1,2]  have  studied  the  phase  separation  of  the 
liquid  phases  in  the  system  (Fig.  333).  For  point  A  at  1495°,  a  separation 
into  two  layers  was  obtained;  the  lower  limit  of  existence  of  the  two  liquid 
phases  of  this  composition  has  a  temperature  of  1480°. 


Fig.  333.  Region  of  equilibrium 
(phase  separation)  of  two  liquid 
phases  in  SrO  --  SrF2  --  SiOg 
system  (from  Yershova  and 
OF  shanskiy). 

Key: 

a.  Two  liquids 

b.  One  liquid 

c.  Weight  % 
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The  region  of  equilibrium  of  two  liquid  phases  in  the  system,  according 
to  Yershova  and  Ol'shanskiy  [1, 2]tis  shown  in  Fig.  334.  In  the  binary  system 
BaO  --  Si09,  formation  of  two  immiscible  liquids  was  not  observed,  but  the 
liquidus  curve  has  a  characteristic  break,  indicating  a  "tendency'1  of  the  melt 
towards  phase  separation.  The  lower  temperature  limits  of  the  phase  separa¬ 
tion  regions  in  four  profiles:  profile  I  (composition  5)*"*"  1550°;  profile  II 
(composition  2)  ^  1440°;  profile  III  (composition  2)  1440°;  profile  IV 

(composition  1) 1575°.  The  upper  temperature  limits  of  the  phase  separation: 
profile  I  (composition  5)"'“  1575°;  profile  IV  (composition  1)' —  1615°. 


Fig.  334.  Region  of  equilibrium  (phase  separation) 
of  two  liquid  phases  in  BaO  --  BaF2  —  SiC^  system 
(from  Yershova  and  Ol'shanskiy):  I-IV.  profiles; 
1-6.  number  of  compositions  studied. 

Key: 

a.  Two  liquids 

b.  One  liquid 

c.  Weight  % 
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Fig.  335.  Region  of  equilibrium  of 
two  liquid  phases  in  fluorosilicate 
systems  of  alkali  earth  metals 
(from  Yershova  and  Ol'  shanskiy) . 

Key: 

a.  Two  liquids 

b.  One  liquid 

c.  Mole  % 


Data  on  the  regions  of  equilibrium  of  two  liquid  phases  in  fluorosilicate 
systems  of  alkali  earth  metals,  according  to  the  data  of  Yershova  and 
Ol'shanskiy  [1, 2],  are  reported  in  Fig.  335.  Just  as  for  normal  silicate 
systems,  the  region  of  two  liquid  phases  in  fluosilicate  systems  of  alkali  earth 
metals  decreases  with  increase  in  cation  radius. 
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A1203  --  NagAlFg  —  Si02 

Isothermal  profiles  at  1010  and  800°  have  been  studied  by  Weil  and  Fyfe 
[1],  and  they  are  presented  in  Fig.  336.  The  invariant  point  contains  69  weight 
%  Si02  and  14  weight  %  AlgOg  at  1010*  and  50  weight  %  SiOg  and  17  weight  % 
AlgOg  at  800°.  Phase  separation  of  the  liquids  (liquation)  was  not  observed 
in  the  temperature  range  studied. 

«  9 
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Fig.  336.  Isothermal  sections  of  NagAlFg  —  AlgOg  — 

SiOg  system  (from  Weil  and  Fyfe):  a.  110°;  b.  800°; 

C.  corundum;  CR.  cryolite;  Q.  quartz;  T.  tridymite. 

Key: 

c.  Weight  % 

Cryolite  is  encountered  L:  two  modifications’  <T  ,  low -temperature 
and  ft  ,  high -temperature.  The  p  ~*  <(  transition  is  rapid  ana,  therefore, 
the  f  form  is  not  successfully  recorded  in  quenched  samples. 
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MeF2  —  A1203  —  Si02(Me*=  Mg,  Ca,  Sr,  Ba) 

Inasmuch  as  fluosilicate  systems  simulate  aqueous  silicate  systems  to 
a  great  extent,  the  study  of  liquation  phenomena  in  the  former  is  of  interest 
for  knowledge  of  liquation  in  natural  magmas. 

Yershova  [1]  has  studied  the  equilibrium  of  two  immiscible  liquid  phases 
in  the  MgF9  --  AlgOg  --  SiC>2,  CaFg  --  AlgO^  --  SiOg,  SrFg  —  AlgOg  —  SiOg 
and  BaFg  --  AlgOg  --  SiOg  systems. 
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Fig.  337.  Region  of  equilibrium  of  two  liquid  phases 
in  MgFg  AlgO^  SiOg  system  (from  Yershova): 
Open  circles,  two  liquids  according  to  [1];  solid 
circles,  one  iquic'  according  to  [1J;  open  triangles, 
two  liquids  according  to  [2];  solid,  one  liquid  accord¬ 
ing  to  [2];  dashed  lines  are  tie  lines. 

Key: 

a  Two  liquids 

b.  One  liquid 

c.  Mole  % 
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The  region  of  equilibrium  of  two  liquid  phases  in  the  MgF2  --  AlgOg  -- 
SiOg  system  is  shown  in  Fig.  337.  The  boundary  of  the  phase  separation  region 
in  the  limited  MgFg  —  SiOg  system  is  plotted  from  [2J.  At  three  limiting 
points,  4  (I),  2  (II)  and  3  (in),  the  lower  temperature  limits  of  phase  separation 
have  been  established:  1415,  1385  and  1485°,  respectively.  An  increase  in 
temperature  for  2  (II)  from  1385  to  1475°  and  for  4  (I)  from  1415  to  1490°, 
did  not  lead  to  closing  the  immiscibility  dome. 


CMom.'/, 


Fig.  338.  Region  of  equilibrium  of 
two  liquid  phases  in  CaFg  --  AlgOg  -- 
SiOg  system  (from  Yershova):  designa¬ 
tions  same  as  in  Fig.  337. 

(Key:  Same  as  in  Fig.  337], 


The  region  of  equilibrium  of  two  liquids  in  the  CaFg  --  AlgOg  --  SiOg 
system  is  shown  in  Fig.  338.  The  boundary  of  the  region  of  phase  separation 
in  the  CaFg  —  SiOg  system  is  given  according  to  (2],  The  weight  ratios  of 
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the  liquids:  for  composition  4  (I),  30%  liquid  enriched  in  SiOg  4-  70%  liquid 
depleted  of  SiOg;  for  composition  1  (ID,  50%  liquid  enriched  in  SiOg  +  50% 
liquid  depleted  in  SiOg.  The  position  of  the  critical  point  K  was  determined 
from  this:  its  position,  according  to  microscope  data,  apparently  is  still 
further  from  the  SiOg  apex  than  is  shown  in  Fig.  338.  A  similar  point  K  in 
the  MgFg  —  AlgOg  —  SiOg  system  (Fig.  337)  occurs  considerably  closer  to 
the  SiOg  apex.  For  limiting  point  2  (I),  the  lower  temperature  limit  of  forma¬ 
tion  of  two  liquid  phases  is  1380°. 


Fig.  339.  Region  of  equilibrium  of  two 
liquid  phases  in  the  SrFg  --  AlgOg  --  SiOg 
system  (from  Yeishova):  designations  same 
as  in  Fig.  337.  [Key:  Same  as  in  Fig.  337], 

The  region  of  equilibrium  of  two  liquid  phases  in  the  SrFg  --  AlgOg  -- 
SiOg  system  is  presented  in  Fig.  339  and,  for  the  BaFg  --  AlgOg  —  SiOg 
system,  in  Fig.  340.  The  boundaries  of  the  phase  separation  regions  for  the 
SrFg  —  SiOg  and  BaFg  —  SiOg  systems  are  given  according  to  [2]. 
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Fig.  340.  Region  of  equilibrium  of  two 
liquid  phases  in  BaF2  --  AlgOg  --  Si02 

system  (from  Yershova):  designations 
same  as  in  Fig.  337.  [Key:  Same  as  in 
Fig.  337]. 
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Fig.  341.  Region  of  equilibrium  of  two  liquid  phases  in 
MeF2  --  AlgOg  --  Si02  systems  (from  Yershova):  K^- 
Kg,  critical  points  in  Mg-?2  —  AlgOg  --  SiOg,  CaF2  -- 
AlgOg  --  SiOg  and  SrF2  --  AlgOg  —  SiOg  systems, 
respectively;  boundaries  of  regions  of  two  liquid  phases 
in  MgO  --  AlgOg  --  SiOg  and  CaO  --  AlgOg  --  SiOg 
systems  also  are  shown,  from  data  if  Grieg  (dashed  lines). 
Key:  a.  Mole  % 
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Data  characterizing  the  regions  of  im miscibility  of  the  four  systems 
presented  above  and,  for  comparison,  according  to  Grieg  [3],  for  the  MgO  — 
AlgOg  —  Si02  ““  AlgOg  —  SiOg  systems,  are  reported  in  Fig.  341. 

The  width  of  the  phase  separation  regions,  just  as  in  MeO  --  MeF2  --  SiOg 
systems,  where  Me  —  Mg,  Ca,  Sr  and  Ba  (see  description  of  these  systems), 
decreases  with  increase  in  the  ratio  of  the  cation  radius  to  valence. 

The  presence  of  AlgOg  considerably  decreases  the  region  of  equilibrium 
of  two  liquid  phases  from  that  in  the  MeFg  --  MeO  —  Si09  systems,  but, 
nevertheless,  they  are  broader  than  in  the  MeO  --  AlgO^  —  SiOg  systems 
studied  by  Grieg  [3]. 
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Me"F2  —  Me'F  --  Si02(Me"  =  Ca,  Mg,  Sr,  Ba  and  Me'  —  Na,  K) 

Study  of  the  equilibrium  of  two  immiscible  liquids  in  fluorosilicate  systems 
containing  alkali  metals,like  the  analogs  in  similar  aqueous  silicate  systems, 
are  of  importance  for  study  of  liquation  phenomena  in  natural  magmas. 

Yershova  and  Ol'shanskiy  [2]  have  studied  the  equilibrium  of  two  liquid 
phases  in  13  fluorosilicate  systems  containing  alkali  metals. 
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Fig.  C42.  Region  of  equilibrium  of  two 
liquid  phases  in  CaFg  —  Na^O  --  SiOg 
system  (from  Yershova  and  Ol'shanskiy): 
Open  circles,  two  liquids;  solid  circles, 
one  liquid;  roman  numbers,  profiles; 
arabic  numbers,  numbers  of  the  composi¬ 
tion  i  studied. 

Key: 

a.  TWo  liquids 
v  One  liquid 
o.  Weight  % 


The  regior  of  equilibrium  of  two  liquid  phases  in  the  CaF2  —  NagO  -- 
SiOg  sysx  un  is  shov/n  in  Fig.  342.  It  was  plotted  from  data  of  three  profiles 
passing  through  the  points:  I.  56.  5  weight  %  CaF2  -I-  43.  5  weight  %  (Si02  — 
Na2Si2Os);  II.  79.2  weight  %  CaF2  -f  20.8  weight  %  (SiO^  —  Na^igOg);  m. 
30.2  weight  %  CaFr,  -j-  69.8  weight  %  (SiOg  --  Na9Si9Og>  (the  charge,  besides 
CaF2  and  SiOg,  included  glass  of  the  compose  >n  NagSigOg).  The  following 
approximate  lower  temperature  limits  of  formation  of  two  liquids  were  deter¬ 
mined  for  three  points:  5  (I)  1440°,  4  (II)  1450°,  3  (in)  1440°.  The  indices  of 
refraction  of  SiOg-rich  glasses  fluctuated  between  1.444  and  1.451. 
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Hie  presence  of  NagO  sharply  decreases  the  phase  separation  region 
(Fig.  342)  from  that  in  the  CaFg  --  CaO  —  SiOg  and  CaFg  --  AlgOg  —  SiOg 
systems.  However,  the  region  of  immiscible  liquids  in  the  CaFg  --  NagO  -- 
SiOg  system  occupies  an  area  w^ich  is  greater  than  the  corresponding  area 
in  the  CaO  --  NagO  —  SiOg  oxide  system  studied  by  Grieg  [i]. 
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Fig.  343.  Region  of  equilibrium  of  two 
liquid  phases  in  the  CaFg  --  NaF  -- 
SiOg  system  (from  Yershova  and  Ol'shanskiy): 
designations  same  as  in  Fig.  342.  [Key: 
same  as  in  Fig.  342.  J 


The  regions  of  equilibrium  of  two  liquid  phases  in  the  CaFg  --  NaF  -- 
SiOg  and  MgFg  —  NaF  --  SiOg  systems  are  presented  in  Figs.  343  and  344, 
respectively. 

The  lower  temperature  limits  of  the  two  liquid  phases  formed  in  the  CaFg 

NaF  -*  SiOg  system  were  determined  for  boundary  points  (Fig.  343)  6  (I),  1290° 

and  5  (ID,  1260°,  and  the  upper  limits,  5  (D,  1400®,  and  5  (ID,  1330®. 
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>n  of  equilibrium  of 
s  in  MgF2  —  NaF  — 

>m  Yershova  and 
‘signations  same  as 
y:  same  as  in  Fig. 

lystem,  the  corresponding  data  for  points 
.280°,  upper  1320°.  The  indices  of  re- 
le  CaFg  —  KaF  —  SiOg  system  are  from 
IaF  —  SiOg  system,  from  1.437  to  1.451, 


Tig.  345.  Region  of  equilibrium  of  two 
liquid  phases  in  MgFg  ~  K?  --  SiOg 


system  (from  Yershova  and  Ol'shanskiy): 
designations  same  as  in  Fig.  3<2.  (Key: 
same  as  in  Fig.  342. } 


Fig.  346.  Region  of  equilibrium  of  two 
liquid  phases  in  CaF2  ~  KF  --  SiC>2 
system  (from  Yersho.'a  and  Ol'shanskiy): 
designations  same  as  in  Fig.  342,  (Key: 
same  as  in  Fig.  342, } 
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The  regions  of  equilibrium  of  two  liquid  phases  for  the  MgFg  --  KF  -- 
SiOg  and  CaFg  --  KF  —  SiOg  systems  are  shown  in  Figs.  345  and  346, 
respectively.  The  lower  temperature  limit  in  the  CaFg  —  KF  --  SiC>2  system 
is  ~  1205®. 


Fig.  347.  Region  of  equilibrium  of  two 
liquid  phases  in  SrF2  --  NaF  --  Si02 
system  (from  Yershova  end  Ol'&hanskiy): 
designations  same  as  in  Fig,  342.  [Key: 
same  as  in  Fig.  342.  ] 


The  boundaries  of  i he  phase  separation  regions  in  the  SrF2  —  NaF  -- 
SiOg  and  RaF2  --  NaF  --  SiOg  systems  are  plotted  in  Figs.  347  and  348, 
respectively.  At  boundary  points  1  (I)  in  the  SrF2  --  NaF  —  SiOg  system 
and  4  (D  in  the  BaF 2  --  NaF  —  SiOg  system,  the  temperature  limits  have 

*  4 

\ .  /  been  established,  with  the  upper  one  of  them  in  the  BaFg  —  NaF  --  SiOg 
system  determined  for  composition  3  (I):  the  lower  temperature  limits  -- 
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Fig,  348.  Region  of  equilibrium  of  two 
liquid  phases  in  BaFg  —  NaF  —  SiO^ 
system  (from  Yersnova  and  Ol'shanskiy): 
designations  same  as  in  Fig.  342.  (Key: 
same  as  in  Fisr.  342.  J 

5 

f 

1  (J)  —  1260°,  4  (I)  1250°;  upper  —  1  (I)  ~  13i5°,  4  (l)  ~  1310°.  The  indices  j 

of  refraction  oi  the  SiO^-rich  glasses  in  the  SrF2  ~ '  NaF  --  SiC>2  system  are 
from  1.43  7  to  1.446  and,  in  the  BaF2  --  NaF  --  Si02  system,  from  1,444  to 
1.451. 

The  region  width  of  2  liquid  phases  depends  on  the  radius  and  charge  of  the 
cation.  In  all  systems  of  the  MeFg  —  MeO  --  SiOg,  MeF2  —  AJ2C>3  --  SiC>2 
and  Me"F0  --  Me^Fg  —  SiOg  types,  the  region  of  immiscibility  of  the  liquids 
decreases  with  decrease  in  the  ratio  of  the  cation  radius  to  valence  [2,31.  •; 
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SYSTEMS  CONTAINING  SULFIDES 


MgO  --  MgS  —  SiO 

Ol'shanskiy  [1]  has  studied  the  phase  separation  region  in  this  system, 
and  he  has  compiled  the  diagram  depicted  in  Fig.  349.  As  in  the  CaO  —  CaS  — 
Si02  system,  the  boundary  of  the  region  next  to  MgS  --  SiOg  could  not  be 
determined  experimentally,  and  it  is  indicated  by  the  dashed  lines,  on  the  basis 
of  a  number  of  considerations  reported  in  work  [1], 


Fig.  349.  Phase  separation  region  in  MgS  --  MgO  — 
Si02  system  (from  Ol'shanskiy):  thick  line,  continued 
with  dashes,  phase  separation  boundary  at  1800°;  thin 
dashed  lire,  conjectural  boundary  of  equilibrium  region 
of  two  liquids  +  SiOo  at  1700°.  [Key:  same  as  in  Fig. 
342.] 
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CaO  —  CaS  —  SiOg 

Ol'shanskiy  [1}  has  determined  the  phase  separation  region  in  the  system 


(Fig.  350). 
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Fig.  350.  Phnse  separation  region  in 
CaS  --  CaO  --  SiO?  system  (from 
Ol'shanskiy):  designations  same  as  in 
Fig.  349.  [Key:  same  as  ir  Fig.  342.] 


Spherical  inclusions  of  strongly  refracting  glass,  usually  partially  crystal¬ 
lized,  in  low -refraction  >N  =  1.468  --  1.476),  almost  pure  silica  glass,  were 
observed  under  the  micro-scope. 
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The  FeS  —  FeO  —  SiOg  or  pyrrhotine  --  wiistite  --  SiOg  system  is  not 
strictly  speaking  ternary,  since  wustite  and  pyrrhotine  are  phases  of  variable 
composition.  The  Fe  content  in  them  usually  is  lower  than  in  the  formulas 
presented  (<  1).  The  pseudoternary  FeS  --  FeO  —  SiOg  system  has  been 
partially  studied  by  Ol'shanskiy  [1J.  On  the  basis  of  his  own  and  literature 
data,  he  has  plotted  a  diagram  (Fig.  S5i),  in  which  the  boundary  of  the  FeS  -- 
SiOg  system  is  characterized  by  practically  complete  immiscibility  of  the 
FeS  and  SiOg  components  in  the  liquid  state  at  the  melting  temperature  of 
cristobalite.  The  second  boundary  of  tne  pyrrhotine  (FeS)  --  wiistite  (FeO) 
system  is  a  pseudobinary,  and  its  principal  features  can  be  understood  only 
by  examination  of  the  Fe  --  FeS  —  FeO  ternary  system.  A  section  of  this 
triple  diagram  passing  through  the  wiistite -pyrrhotine  points  dees  not  inter¬ 
act  the  region  of  heterogeneous  equilibrium  of  the  two  liquid  phases  anywhere. 
Therefore,  by  depicting  the  FeS  --  FeO  system  as  a  binary  one,  we  obtain  a 
fusibility  diagram  characterizing  a  simple  eutectic. 

The  doubl 3  elevation  points  and  ternary  eutectics  determined  by  Ol'shanskiy 
[2],  are  depicted  separately  in  the  upper  part  of  Fig.  351.  The  triple  eutectic 

M 

temperature,  depending  on  composition  of  the  wustite  participating  in  the 
equilibrium,  has  different  values,  from  920  to  1000°.  The  temperature  of 
920°  corresponds  to  an  equilibrium  with  wiistite  saturated  with  iron  (23. 2% 
oxygen)  and  1000°,  to  wiistite  containing  the  greatest  amount  (24. 6%)  of  oxygen. 


Fig.  351.  Phase  diagram  of  FeS  —  FeO  --  SiOg 
system  (from  Oi'shanskiy):  I  Si02  +  liquid; 

II.  Fayalite  +  liquid;  III.  Wustite  +  liquid; 
IV.Pyrrhotine-f-  liquid;  V.  SiOv  +  two  liquids. 
Key: 

a.  Two  liquids 

b.  P^vrhotlne 

c.  Wu«3tite 

d.  Weight  % 


s 

! 


f 


i 

5 


i 

i 

\ 

t 

) 


i 


a 


-  531  - 


INVARIANT  POINTS  OF  FeS  ~  SeO  —  SiOg  SYSTEM 


Totk* 

%■ 

b 

t 

npowce 

&  Cocia»,  »ec. 

PeS  FeO  SIO, 

nrpa- 

Tyjta, 

c 

E 

FejSiC^  *|*  FeO  -f-  FcS 

KOClfc 

gOlTeKTRKa 

G5 

35 

<1 

920 

D 

FegSiOt  +  FeS  -f  SiOt  +  hc*a^ 
Koen 

(jTcwKa  aboA* 
Horo  noAMua 

70 

30 

<« 

1050 

Key: 

a.  Points  (Fig.  351)  e.  Temperature,  °C 

b.  Phases  f.  Liquid 

c.  Process  g.  Eutectic 

d.  Composition,  weight  %  h.  Double  elevation  point 
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SYSTEMS  CONTAINING  WATER 
Na2G  --  Si02  —  HzO 

The  system  ha.4  been  studie  d  by  Baker  and  ,Tye  [2j,  st  temperatures  of 
10  and  31°  (Fig.  352),  ynd  by  Faker,  Jue  and  Willis  [3j,  at  .emperatures  of 
50,  70  and  90°  (Fig.  353).  Morey  and  Hesselgesser  l?]  have  studied  the 
equilibrium  saturation  curve/  of  Si02.»  NagO'  £>i02  and  Na^O*  2Si02  in  water 
solutions  at  400°.  The  phase  relationships  in  tne  system,  at,  temperatures  of 
250..  300  and  350°,  have  been  studied  by  Tuttle  and  Friedman  [11]  (Fig.  354), 
and  at  400  and  450°,  by  Friedman  [4]  (Figs.  353,  356).  Tuttle  and  Friedman 
have  reported  that,  at  250°,the  compounds  sodium  disilicate-water  does  not 
form  a  binary  system,  since  the  field  of  two  immiscible  liquids  intersects  the 
line  connecting  2Na20-Si09  and  HgO.  The  results  of  Tuttle  and  Friedman  do 
not  agree  with  the  data  of  Morey  and  Hesselgesser  [7]  (Fig.  357).  In  the 
opinion  of  Rowe  and  colleagues  [9],  the  studies  of  Morey  and  Hesselgesser 
are  incomplete  and  unfinished. 
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Fig.  352.  Diagram  of  phase  relationships  of  NagO  -- 
SiOg  --  HgO  system  (from  Baker  and  Jue):  a.  10°; 
b.  31°. 


Rowe,  Fournier  and  Morey  [9],  studying  the  interrelationships  of  the 
phases  in  the  system  at  200,  250  and  300°  (Fig.  358),  discovered  three  new 
phases:  Na2<>  3Si02’  llHgO,  NagO  3SiG2*  6H20,  NagO*  3Si02’ bHgO. 

A  schematic  diagram  of  the  portion  of  the  NagO  —  Si02  --  HgO  system 
bounded  by  the  Na2<>  2Si02  --  Si02  --  HgO  triangle  (in  P-t  coordinates),  at 
temperatures  over  1008,  according  to  Rowe,  Fournier  and  Morey  [9],  is 
presented  in  Fig.  359. 
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Fig.  354.  Diagram  of  phase  relations*) I.ps  in  Na2C  -•  Siv>2 
R2O  system  (from  Tuttle  and  Triedrnan):  a.  ?30°;  o.  300°; 

c.  35U\ 

d.  Liquid 

e.  Quartz 

f  Weight  % 
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Fig.  355.  Polybaric  saturation  curves  at  400°  ir  N&gO  -- 

SiOg  HgO  lystem  (from  Friedman). 

Key: 

a.  Liquid 

b.  Gas 

c.  Quartz 

d.  Weight  % 

Possible  invariant  points  in  this  system  are  represented  by  the  authors 
in  the  following  form:  1.  GQDLH^, ,  2.  GQDLHg,  3.  GQOLKg,  4.  GQDHjjHg, 

5.  GQH11H5,  6.  GQDHgHg,  7.  GQ-LH^Hg,  8.  GQLHnHg,  9.  GQLHgHg, 

10.  GDLH11Hg,  11.  GDLF.nH5,  12.  GDLHgHg,  13.  GQH^HgHg, 

14.  GDHuHgH5,  15.  GLHnHgH5,  16.  QDLH^Hg,  17.  QDLHjjHg,  18.  QDLHgHg, 
19.  GDH11HgH5<  20.  QLHnHgHg,  21.  DLH^jHgHg  (G  is  gas,  Q  is  quartz, 

D  is  Na2C  2Si02,  L  is  liquid,  Hjj  is  Na20  3Si02*  HHgO,  Hg  is  NagOSSiOg* 

SHgO  and  Hg  is  NagO  3SiOg*  5HgO).  The  compositions  of  those  invariant 
points  which  are  designated  in  the  figure  correspond  to  those  indicated  above. 


to 


so 


so 

ffcc.% 


M  StC, 


Fig.  356.  Polybaric  saturation  curves  at  450°  in  Na.,0  -- 
(  )  Si02  —  H20  system  (from  Fr‘  ^dman):  a.  Na2SiOs  4  liquid 

G-J;  b.  Na2Si03  4  gas  J-H;  'tegSiOg  ■+  gas  H-K; 
d.  Na2Si03  4  liquid  K-F;  e.  LagSiOg  ■+•  NagSigO^  4  liquid  F; 
f.  Na^SigOg  liquid  L-F;  g.  NagSigOg  4  gas  L-B;  h.  NagSigOg  4 
liquid  D  4-  gas  B;  k.  liquid  C-D  4*  gas  A-B;  1.  Na2Si2Og  4 
liquid  D'E;  m.  quartz  4  NagSigOg  4  liquid  E;  n.  quartz  4  liquid 

C-E;  o.  quartz  4-  liquid  C  4  gas  A;  p.  quartz  4  gas  HLO-A. 

{  )  £ 

Key: 

q.  Weight  '% 

» 

The  system  also  has  been  studied  by  Morey  [6],  Morey  and  Irgenson  [8] 
and  Witte  and  colleagues  [12], 

The  characteristics  of  the  hydrate  phases  of  the  system,  sodium  hydro¬ 
silicates,  are  presented  in  the  table.  For  hydrosilicates  of  the  compositions 
Na2<>  2Si02-  3H20,  NagO-  3SiOg*  5H20,  NagO*  3SiOg-  6HgO  and  NagO-  3SiOg- 
}  llHgO,  date,  characterizing  their  features  were  not  obtained.  ; 

i  i 
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Fig.  357.  Isothermal  polybanc 
saturation  curves  at  400°  in  Na20  -- 
SiOg  —  HgO  system  (from  Morey 
and  Hesselgesser) :  saturation 

curve  of  quartz  in  liquid;  GgjGj,  co¬ 
existing  saturation  curve;  GjL^SiOg, 
three-phase  triangle  at  pressure  of 
2500  bar;  EjEg  and  G^g  saturation 
curves  of  NagO*  2Si02  with  gas  and 
liquid  with  Na20*  2Si02;  E2L2  ^*E  ' 
saturation  curves  of  Na2<>  SiO?;  4 
G2L0Na20*  SiOg,  three-phase  triangle 
at  pressure  of  2500  bar;  G  -f  M  (0.  30), 
equilibrium  line  between  gas  phase  and 
metasilicate  at  pressure  of  2000  bar 
and  Si02:Na20  ratio  =  0.3. 

Key: 

a.  Weight  % 


Fig.  358.  Isothermal  polybaric  saturation  curves 
in  NagO  --  SiOg  —  HgO  system  (from  Rowe,  Fournier 

and  Morey):  a.  2008;  b.  250°;  c.  300°;  tne  thin  lines 
fix  the  limits  of  the  phase  stability  field;  thick  lines 
are  isothermal  saturation  curves;  Q.  quartz;  D.  sodium 
disilicate;  M.  sodium  metasilicate;  sodium  tri¬ 
silicate  hendecahydrate;  Hg.  sodium  trisilicate  penta- 
hydrate;  Hg.  sodium  trisilicate  hexahydrate. 

Key; 

d.  Weight  % 
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Fig.  359.  Schematic,  hypothetical  P-t  diagram 
oX  part  of  Na^O  —  SiOg  —  HgO  system,  bounded 
by  HgO  --  Na^SigOg  —  SiOg  (from  Rowe  and 
colleagues):  see  explanation  in  text. 
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SODIUM  HYDROSILICATE  CHARACTERISTICS 
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Key: 


a.  Composition 

b.  Structural  formula 

1 1  r\  m  w 


c.  Density,  g/cm‘ 

d.  Crystal  system 

e.  Unit  cell  parameters 


f.  Diorthosilicate  her.decahydrate 

g.  Two  modifications 

h.  Rhombic 

i.  Monoclinic 

j.  Triclinic 


Thilo  and  Miedreich  [10]  and  Lange  and  Stakelberg  [5]  consider  sodium 
hvdrosilicates  to  be  acid  salts  of  monosilicic  acid. 
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KUO  —  SjO,  —  H^O 

4  4<  6 

The  system  hat*  been  studied  by  ?loc2y  [4J  (Fig.  360).  Compounds  of  the 
system  have  been  ",/niheeized  by  Morey  [3]  and  Fukall  [5].  Later,  Funk  and 
Stade  [1]  obtained  potassium  hydrosilicates  of  the  following  compositions: 
(KIiSi03)x,  KK3i00*  (D  and  KHSi0G5  (II).  The  authors  present  X-ray  phofcc*3 
of  these  substances. 

POTASS"  UM  HYDROSILICATS  CHARACTERISTICS 


tt 

Co  jvtemi 

Crpnrtyph** 

Iff  1 

i 

Nm' 

! 

Np 

lUor 

ftOCTk, 

r/PM* 

A 

Caiironan 

K20  •  Si3,  •  "20 

K®()  •  ’*SiOj  •  H  0 

2U,0  •  XSiUj  “-0 
K.O-4SiO-  :  -• 

2hj|0  *43i-.^*2h  0 

KHSiO, 

;  KHSijO. 

^  N 
N 

1.555 

1 

e,ra1.50 

1.50 

fl.b01jl.43G 

1  - 1  - : 

2.717 

1  2.5 

1 

f 

P0M$H4ftCKaH 

^POw6a4CCK«lq 

<  » 

3Moi;c-ui«hhbh 

Key. 

a.  Compound  e.  Calculated 

b.  Structural  formula  f.  Rhombic 

c.  Density,  g/cm3  g.  Monoclinic 

d.  Crystal  system 
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F^g.  380.  Phase  diagram  of  K-,0  --  SiC>2  --  H20 
system,  isothermal  saturation  curves  for  partial 
system  SiC>2  —  KgO*  Si02  —  HgO  (from  Morey) . 
Key: 

a.  Isobar 

b.  Atmosphere,  atm 

c.  Mole  % 


Hilmer  [2]  has  studied  the  structure  of  K^(HSiOg)^.  The  unit  cell  para¬ 
meters  of  this  compound  are  a  =  7.  51,  b  =11.  25,  c  =  7.  50  A,  p  ~  100°; 
monoclinic  crystal  system. 

The  characteristics  of  the  compounds  in  the  system  studied  are  presented 
in  the  table. 
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MgO  —  Si02  --  H20 

The  system  has  been  studied  thoroughly  by  Bowen  and  Tuttle  [24]  and 
supplemented  by  D.  Roy  and  R.  Roy  [55-57],  Osborn  [53,  58],  Jang  [38], 
Ostrovskiy  [17],  Noll  [52],  Kitahara  and  Kennedy  [44, 45],  Pistorius  [54], 
Kalousek  [40],  Yoder  [10],  and  Butt  and  Rashkovich  [5-7]. 


Fig.  361.  P-t  curves  of  mono  variant  equilibrium  (I-V) 
of  the  MgO  --  Si02  --  H2O  system  (from  Bowen  and  Tuttle): 

\  B.  brucite;  E.  enstatite;  F.  forsterite;  P.  periclase; 

'  Q.  quartz;  S.  serpentine;  T.  talc;  U.  water  vapor. 

a.  Pressure  P,  lOOOpsi  c.  Liquid 

b.  Ground  pressure  and  d.  Vapor  2 

temperature  e.  Depth-  miles  (density  *=2. 7  g/cm  ) 
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Investigation  of  the  equilibrium  states  in  the  system  wao  car  ried  out  by 
Bowen  and  Tuttle  [24],  at  the  following  water  vapor  temperatures  and  pressures: 
lObo,  J040  kgf/cm2;  600-900°,  2103  kgf/cm2;  600-300°,  2812  kgf/cm2;  300- 
100°,  1400  kgf/cm  .  As  a  result,  the  monovariant  equilibrium  curves 

have  been  plotted  in  P-t  coordinates  (Fig.  361).  The  equation  for  the  reaction 
to  which  the  curves  relate  i3  presented  beside  each  curve.  The  triangular 
diagrams  in  the  di variant  regions  between  the  curves  show  the  equilibrium 
combinations  of  phases  at  the  corresponding  pressures  and  temperatures.  The 
vapor  tension  curve  is  at  the  lower  left  of  the  figure  and,  at  the  upper  left,  the 
curve  of  increase  in  temperature  with  depth  of  the  rock  (temperature  gradient 
34.  2°/km,  density  of  rock  2.  7  g/cm  ). 


Hfi  B  MgO  8  8 


Fig.  362.  Coexisting  phase  triangles  of  MgO  —  SiO,.  —  H„0 
system  (from  D.  Roy  and  R.  Roy):  T.  talc;  E.  enstaiite: 

F.  forsterite;  S.  serpentine;  3.  brucite. 

Coexisting  phase  triangles  of  the  MgO  --  SiOg  system,  according 

to  D.  Roy  and  R,  Roy  [55],  are  presented  in  Fig.  362. 

Yoder  [10]has  refined  the  positionof the  ihree-p1  ase  monovariant  curve 
')  Mg(OH)2  2  MgO  r  H£0. 

Ostrovskiy  ^17]  has  correlated  experimental  data  of  various  authors, 
and  he  has  attempted  to  carry  out  an  extrapolation  to  the  region  of  lower 
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tempe*  atures  and  pressures.  The  author  introduces  three  different  P-t 


diagrams  of  the  MgO  —  SiOg  --  HgO  system,  for  the  cases  when  the  following 
converge  at  one  invariant  point:  1.  curves  II  and  III  (Fig.  363);  2.  curves  I 
and  V  (Fig.  364);  3.  curve  s  I  and  II  (Fig.  365). 
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Fig.  363.  P-t  diagram  of  MgO  —  Si02  --  H2O  system;  curves 
II  and  HI  converge  at  one  invariant  point  (from  Ostrovskiy): 

B.  brucite;  E.  enstatite;  F.  forsterite;  P.  periclase;  Q.  quartz; 
S.  serpentine;  T.  talc;  V.  water  vapor. 


Key: 

a.  Pressure  P,  kgf/cm^ 
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Fig.  364.  P-t  diagram  of  MgO  --  Si0o  --  Ho0  system: 

LJ  U 

Curves  I  and  V  converge  at  one  invariant  point  (from 
Ostrovskiy):  designations  same  as  in  Fig.  363. 

Key: 

2 

a,  P,  kgf/cm 
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Some  properties  of  hydratea  and  anhydrous  magnesium  compounds, 
formed  as  equilibrium  phases  in  the  MgO  --  SiC^  --  HgO  system,  as  well  as 
of  those  magnesium  hydrosilicates  v.nich  are  encountered  in  nature  cr  are 
formed  synthetically  as  metastable  products,  are  presented  in  the  table. 

Bowen  and  Tuttle  consider  that  such  a  phase  as  attapulgite  is  a  metastable 
phase,  formed  by  decomposition  talc. 

A  number  ci  investigators  have  studied  the  process  of  dehydration  of 
magnesium  hydrosilicates  [2, 7,  16,  1S-21,  25,  27,  31,  3a,  37,  43,  48,  51, 

»/3J. 

Many  studies  have  been  devoted  tc  synthesis  of  magnesium  hydrosilicates 
i  )  [5-11  ,  14,  15,  24,  29.  38-38,  4U,  52,  59,  64,  67]. 

Study  of  the  equilibria  in  the  three-component  system  would  be  incomplete 
without  data  on  the  two-component  system  MgO  --  HgO. 

MgO  --  HgO.  The  MgO  --  Ho0  system  has  beer,  studied  by  many 
authors,  who  have  obtaired  noneoinciding  results,  mainly  as  a  consequence  of 
'  failure  to  observe  identity  of  experimental  conditions. 

Equilibrium  curves  of  the  reaction  MgfGH^  Mg O  +  I^O,  according 

to  the  data  of  various  investigators,  are  presented  in  Fig.  366.  As  is  evident 
from  the  curve,  the  MgiOH'g*^  MgO  4-  H„0  equilibrium  curve  (curve  2)  ob¬ 
tained  by  Bowen  and  Tultle  [24]  differs  considerably  from  the  group  of  equi¬ 
librium  curves  in  the  left  portion  of  the  figure.  Equilibrium  curves  1,4  and  6, 
obtained  by  Korzhinskiy  [12],  MacDonald  [47]  and  Kennedy  [42],  respectively, 
agree  well  with  one  another.  Equilibrium  curve  4  was  obtained  by  MacDonald 
by  calculation.  MacDonald  theoretically  calculated  free  energy  for  the  re¬ 
actions  which  coi  respond  to  curves  4  (equilibrium  between  natural  brucite  and 
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CHARACTERISTICS  OF  PHASES  OF  MgO  —  SiOg  —  H20  SYSTEM 
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a.  Compound 

b.  Appearance  of  ^rystals 

c.  Density,  g/cm 

d.  Unit  cell  parameters 

e.  Crystal  system 
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Fig.  366.  Equilibrium  curves  for  re¬ 
action  Mg(0H>2  **  MgO  H-KgO:  1.  from 
Korzhinskiy;  2.  from  Bowen  and  Tuttle; 

3.  from  D.  Roy  and  R.Roy  and  Osborn; 

4,  5.  from  MacDonald;  6.  from  Kennedy; 
7.  from  D.  Roy  and  R.  Roy. 

Key: 

2  -2 

a.  Pressure  P,  kgf/cm  •  10 


magnesium  oxide,  obtained  at  low  temperature)  and  5  (equilibrium  between 
synthetic  Mg(OH>2  and  magnesium  oxide,  are  obtained  at  high  temperature). 
At  constant  temperature,  the  first  reaction  corresponds  to  a  considerably 
lower  equilibrium  pressure  than  the  second  one. 

\  The  system  also  nas  been  studied  by  D.  Roy,  R.  Roy  and  Osborn  [58] 

(curve  3)  and  subsequently  refined  by  D.  Roy  and  R.  Roy  [57]  (curve  7).  Hie 
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equilibrium  conditions  in  the  system  have  been  studied  by  Fyfe  [30],  Fyfe  and 
Goodwin  [32],  and  by  Meyer  and  Chi-Sun  Jang  [49]. 

The  equilibrium  curve  according  to  Barnes  and  Ernst  [22, 23]  passes 
through  the  points  547°-245  atm,  572°-4S0  atm,  607°-980  atm,  634°-l470  atm 
and  657°- 1960  atm. 

The  system  also  has  been  studied  by  Boreskov  and  colleagues  [1], 
Johnston  [39],  Lebedev  [13],  Butt  and  Ra  ?hkovich  [3-6]  and  Anderson  and 
Horlock  [20].  Chown  and  Deacon  [28]  have  studied  the  mechanism  of  the 
magnesium  oxide  +  steam  reaction. 


M/O'iwp 


MgtO.iyZjd 
iSc'fytJri/j  ' 

V  "** 


Fig.  367.  Schematic  isobaric  "tempera¬ 
ture-composition"  profile  of  MgO  —  HgO 
system,  studied  at  pressures  up  to  4000  kbar 
and  shewing  region  of  high  temperature 
melting  (from  Walter,  Wyllie  and  Tuttle). 
Key: 

a.  Steam 
t>.  height  % 
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Data  on  hydration  of  MgO,  obtained  by  annealing  at  various  tempera¬ 
tures,  is  presented  by  Wells  and  Taylor  [62,66],  Layden  and  Brindley  [46]  e.xd 
Walter,  Wyllie  and  Tuttle  [65],  A  schematic  profile  of  the  "temperature- 
composition"  diagram  of  the  MgO  —  HgO  system,  according  to  the  data  of 
[65],  is  represented  in  Fig.  367. 

Karlson  and  colleagues  [41]  have  studied  the  solubility  of  magnesium 
oxide  in  water  at  high  temperatures  and  pressures.  The  solubility  curves  of 
MgO  in  water  are  depicted  in  Fig.  368. 


Fig.  368.  Solubility  of  magnesium  oxide  in  water 
at  various  temperatures  (from  Karlson  and  colleagues). 
Key: 

a.  mmole/j 


The  brucite  --  water  system  has  been  studied  at  25°  by  Hostetler  [35], 
Brindley  [26]  obtained  and  studied  brucite  monocrystals.  A  number  of  investi¬ 
gators,  Gjaldback  [33],  Murotani  and  colleagues  [501,  Butt  and  Rashkovich  [6], 
Shirasaki  [60]  and  others,  have  obtained  Mg(OH)2  in  metastable  form.  Tagai 
and  Saito  [61]  have  studied  the  fonnation  of  large  crystals  of  MgCOH^,  the 
sizes  of  which  depended  on  the  pH  of  the  medium. 
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Mg(OH)2  is  encountered  in  nature  in  the  form  of  brucite  (Ne  -  1.  580, 

No  *r  1.559,  os  well  as  Ne  »  1.585,  No  *  1.566,  hexagonal,  unit  cell  para¬ 
meters  a  -  3. 125,  c  =  4.  75  kX),  the  crystals  of  which  have  the  form  of 
regular  hexagonal  plates,  and  nemalite,  a  matted  fiber  variety.  A  colloidal 
variety  of  encrusted  shapes  also  is  encountered. 
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CaO  --  ‘)i02  --  H20 

There  is  no  complete  phase  diagram  of  the  system.  Investigation  of  it 
is  complicated  by  a  number  of  factors:  difficulty  in  achieving  equilibrium,  the 
fineness  of  grain  of  neogenes  and  their  poor  crystallization,  variable  composition 
and  metastability  of  many  phases,  by  the  effect  of  reaction  conditions  on  the 
nature  of  the  phases  formed  (nature  of  the  initial  material,  reaction  temperature, 
pressure,  duration  of  test,  number  of  liquid  phases,  method  of  mixing).  Many 
tests  are  difficult  to  reproduce. 

Synthesis  of  calcium  hydrosilicates  is  most  easily  accomplished  under 
hydrothermal  conditions.  The  initial  materials  may  be  amorphous  and 
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crystalline  varieties  of  SiOn  and  calcium  hydroxide,  monor  di*  and  tricalcium 

Ld 

silicates,  low -alkalinity  calcium  hydrosilicates.  The  time  necessary  for 
formation  of  stable  compounds  is  from  several  hours  to  several  months. 

One  feature  of  the  system  is  the  difficulty  in  identification  of  the  phases 
formed,  as  a  consequence  of  the  fine  crystallinity  and  great  similarity  ox  many 
of  their  parameters  (similar  X-ray  photos,  close  limits  of  refraction  and 
endothermic  transformation  temperature  regions,  etc.).  As  a  rule,  identification 
can  be  accomplished  only  by  use  of  a  set  of  methods:  crystalooptical.  X-ray 
phase,  differential-thermal,  and,  in  case  of  necessity,  chemical,  infrared 
spectroscopy  and  electron  microscopy  as  well. 

Many  compounds  in  the  system  are  known  as  natural  minerals,  pre¬ 
dominantly  of  contact-metamorphic  origin.  At  the  present  time,  there  are 
about  30  natural  and  synthetic  compounds  in  the  system,  calcium  hydrosilicates. 

Their  basic  characteristics  are  presented  in  Table  1.  There  is  an 
extensive  literature  (about  600  works)  on  investigation  of  the  system  and 
separate  phases.  References  are  maae  in  tills  handbook  only  to  individual 
v'orks  containing  extensive  bibliographies  and  permitting  sufficiently  complete 
and  detailed  information  to  be  had  on  the  major  results  obtained  in  the  CaO  -- 
Si Og  --  HgO  system:  structure,  crystalooptical  properties.  X-ray  radiography, 
differential-thermal  analysis,  infrared  spec+roscopj,  electron  microscopy, 
and  chemical  analysis  of  these  compounds,  as  wrell  as  thermochemistry,  thermo¬ 
dynamics,  kinetics  and  mechanisms  of  reaction.  For  the  most  complete  data, 
see  works  [2,  4,  6-8,  15,  26,  39, 43,  50,  51,  67,  69-72],  Infrared  absorption  spectra 
are  presented  in  works  [3,  5,  21-24,  34,  35, 46, 62].  Infrared  absorption  spectra, 
according  to  Ryskin  [21-24],  are  given  inTable  2. 
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TABLE  1 

CHARAC1  E  USTICS  OF  CALCIUM  HYDROSILICATES 


tk 

Coer.iutiHne 

„  k 

CTpyKTypaan 

$opnyjia 

6 

FaCatyc 

KpncTan- 

JJOB 

d 

noKaaaTCAH 

CBCTOUJlf- 

aosuieuBH 

e 

iijiot- 

HOCTb, 

r/cK1 

4 

CsuroHun 

„  3 

napaMLTpU 

saeuciiTapuolt 

h<kUkm 

Teutepa- 
rypu 
ceruapa- 
rauua,  °C 

hpocranjiE'iccjmc 

$asu,  oOpacyw- 
mueca  opn 
paanomuaHa 

J  r*flpocujiDKaTkit  exoaxwe  no 

CTpyKType  e  boajict'chbtom 

ICaO  •  6510,  •  8H,0 
jUncrouT) 

CajSUO,.  2H,0  • 
•  4HjO 

IpOJlOKH* 

V=1S3S 

2.24 

TpMtJW'f* 

Htn 

a  t-_  9.86, 

6  =  7.32,, 
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* 
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Ng  =  1.612. 
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Key: 


a.  Compound 

b.  Structux*al  formula 

c.  Crystal  appearance 

d.  Indices  of  refraction 

e.  Density,  g/cm^ 

f.  Crystal  system 

g.  Unit  cell  parameters 

h.  Dehydration  temperatures, 

i.  Crystalline  phases  formed  by 
decomposition 

j.  Hydrosilicates  similar  in 
structure  to  wollastonite 

k.  Nekoite 

l.  Fibers 

m.  Triclinic 

n.  Oriented  wollastonite  and 
cristobalite 

o.  Okenite 
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r.  Monoclinic 
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Compound 

cc 

Thin  plates 

b. 

Structural  formula 

ad 

Same 

c. 

Crys4  J.  appearance 
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Exothermic  peak 
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g- 

Unit  cell  parameters 

tobermorite) 

b. 

Dehydration  temperatures,  °C 

ii 

Well  crystallized  form  CSH  (E), 

i. 

Crystalline  phases  formed  by 
decomposition 

precise  composition  unknown  (10.  OA 
tobermorite) 

X. 

Tobermorite 

33 

Wollastonite  (incomplete  crystal¬ 

y. 

Orthorhorr.bic 

lization) 

aa 

Wollastonite 

kk 

11 

Well -crystallized  wollastonite 
Slightly  crystallized  tobermorite 

mm  Twisted  leaflets 

nn  Fibers  and  corrugated  plates 
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TABLE  1  (continued 


q 

CocaHiieHxe 

i 

CTpyKTypHaa 

(fiopMyjia 

C 

raOirryc 

KpUCTaJI- 

ROB 

d 

IIoKamcjiu 

cDctonpe- 

JJOMJlCHflH 

e 

XljlOT- 

HOCTb, 

Ticm‘ 

* 

CtuirouM 

napaueTpu 

laaeneHiapuofl 

jnefljca 

Tcx&pa- 

rypu 

OHK,  °C 

t 

iNPitcraxiMecKue 
oOpajyio- 
m«cc>i  npu 

tpasAomeuiui 

60 

ripoiiTOMA  rpynna 

’ 

CaO  •  2S10;  •  2H,0 

CoH.SIO, 

ItaCTaiiKn 

Wa,=  l.S2 

— 

rexcaro- 

a  =  $.73  A 

— 

— 

(Z-$ aaa  Accapccoaa) 

pr 

39 

BajIbHlfl 
sou  nee  a- 

norcKCa- 

roHamuaH 

900 

IIceiuoBOJuaCTO- 
g  SIUIT 

600  •  10S1O,  •  3H,0 

i(Ca,Sl.O„  •  2H:0) 

» 

— 

— 

— 

(TpyCKOTTirr)r*f» 

^pnro- 

HtAKliaa  ; 

KtO  •  2800  •  4SS10,  • 
15H,0  (pciiopirr)ft 

- 

x> 

ify  =  1.660 

2.47 

a  =  9.72,  , 

6  — 18.71  A 

900 

d  d  To  me 

800  •  12S10:  •  9H,0, 

Ca„Si;,0.  (OH),  • 

Kemy'lKB 

Sg  =  1.545, 

2.39 

renctro- 

0  =  9.72.  , 
e  =  22.13  A 

800 

a  a 

*  2C&0  •  3SIOj-2HiO 

.1.11,0. 

H/H/ 

Np  — 1.835 

B*AUUa« 

(rapOJiar)Vp 

24Ca.Si,0,,(OH),  • 
•uijO 

X* 

! 

yy C tpyKTTPBocxOjtHue  c  y-2CaO  •  510, 


SCaO  •  2SlOi  •  HjO 

(KaJTblllieBUil  XOMS- 

poauT,  #aaa  X  Poll) 


JCaO  •  2S10:(8Ca0 
•  5S10-)  (KnnioiHiT, 
(tasaiPoA)  tf 


CaO  •  SIO,  •  H:0  (Ta-| 
xapamiT)  -f  I 


Ca^SIO.WOH), 


Ca:Sl,0, 


Key: 


a. 

b. 

c. 

d. 

e. 

i. 

£• 

h. 

i. 


Compound 
Structural  formula 
Crystal  appearance 
Indices  of  refraction 


Density,  g/cm; 

Crystal  ^ystjrn 
Unit  cell  parameters 
Dehydration  temperatures. 


r. 

y. 

aa 

oo 

PP 

qq 

rr 


Crystalline  phases  formed  by 

decomposition 

Monoclinic 

Orthorhombic 

Wollastonite 

Gyrolite  group 

Assarsson  Z-phase 

Hexagonal  or  pseudohexagonal 

Truscottite 


a' 

e' 

f' 
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ss  PseudowoJLlastonite 
tt  R  eye  rite 
uu  Trigonal 
w  Gyrolite 
ww  Lamella 
xx  Hexagonal 

yy  Structurally  similar  to  y-2CaO*  Si02 
zz  Calcium  chondrodite,  Roy  phase  X 
a’  Prisms 
br  Phase  transition 

Xilchoanite,  Roy  phase  Z 
Rankinite 
Othei s 
Tacharonite 


1 


m 


iipiumu 

=  1.630 

2.84 

y'MoLa- 

KJIXBf  OH 

0  =  8.94  + 
±0/  •>. 

! 

a* 

b  =  l<„2>  + 

650- -750 

—  } 

iO.ua, 
e  =  b.05i 

750-970 

.  T-C:s  | 

±0.05  A. 

b* 

p-.100=lb'± 

±15' 

o  =  5.C9, 
6=!1.12,. 
e  =  21.95/ 

9P) 

C-aaorwO  ncpexca 

«le^ya;tn 

IV*  =  1.650,  i  2.992 
IV?.  =  1.6,7  1 

e'n pom  e 

CT^fiopok- 

OUHCCKSH 

1000 

d'p&Hmr.vi  * 

Ctft*  } 

1.W7 

2.36 

9)1,  650 

BoiWiCTOHn-  | 

-r  Ti  i  -  •  rditf«>rT-t  -c 


•  . 


» -  «i 

'_  '  • 
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TABLE  1  (continued) 


C V 

Cot^u^iih^ 


CTpyictypHa*! 

i'ODi.fiia 


i  e 

I  r.lfillTJC 

I^TUT^r^A 


d 

noKasarcnii 
canton "e- 
aoi’JiciiuH 


<614: 
n.ioi-  i  ~ 

HOCTb,  j  Cil>l!OI  11a 
r'CM> 


_  3  Te*froa- 

nat^acrpu  Tyi,« 
sneueiiiarao.t  acm&par«- 
nieftKu  uua,  »c  I 


i;pncra*r,.T:*eCKiie 
i)33u,  oopaayio- 
iqitcr«  unu 
pawoHKemni 


f*0  •  SlO,  -  H,0 
(cyo.-iymr?)  y  > 


SCnO  CPIO,  •  H.O 

(p03,'IIXaHHT;  ^  ’ 


Ca,H»(Sl,C,)  •  11,0  lipycKo 

HiUltH? 
ICIiurr.tn* 
1*10  Kite 
rpa.iy.iM 

(CaSIO,),  •  11,0  Jjn.1.11  l!> 

I  or, I  aa  iue  < 


30,0  •  2SI0:  •  3H.0  Ca,S10J0H)j  •  I  lipi.CMU 
(ailmnojiiiT)  •  211,0  j  o' 


•>V  —  1.625. 
«m  =  1.620, 
JVp  =  1.610 


Kg  —  1.616. 
.Vm  -s  1.610, 

Kp  =  t.G25 


■V*  -- 1.601. 
Km-  1.  .-J. 
.Vp  =  l  517 


j  2.687  j  O^to  om- 
I  CnHititaa 


11 
^fl.nci  «- 

auj.-.nj.in-^j  .  -  UK. 

MICDOro  r.l.TUK.113r*  J  li.HI.iWK 

4CaO  ?  tl  .  •  K  O  Ui,(Sl.O,)(OH).  II3.1e.-uuM 

(pycras  .u)  0  '  JJ 

I'  nO  •  SlO,  •  H,0  .  OaJ.SiO.HSl.0-', CM)  ll.i.-.crn 

(aw ..in.  fiaaa  Y',0  OipiUMM  | 


6CnO  .  2, >10,  .  8*1-0  r.i.SI  0,(0H1  •  n.i.wa,  1 

iip'.-v'i.'.-bi'.HPoM:!  1  .’Ji  .uOH>  ;.ii,  ;n*'irau  . 

.ajipocjl.iiiK.1T)  ^  1  »JM,0, ftOai.it,:  j  | 


1  a  »  11.13,  \ 

I  6=;  19.67.  j 

|  e  r  6.06  X  l 


c.v.jc™i 


Ng  1.633, 
2Vm  =  !.«20, 
Np  =  1.614 

Kg  —  1.671 , 
Km t.640 


. ,  r  rj  ;.v  i, 
A  in  —  l.Pj., 
■V.’  1-  1  613 


K"  -  l  .’50/, 
Kp~\M3 


I  2.90-  Tpm:.n,in 
I  3.89  T^h.ih 


61  |rMDno- 

t  •.'.'uiuiia.i 


2.s0  OptJpom- 

i/ltll'CK.IH 


2.65  »*Mo.»o- 

XHi'iiiae 


|  2.91- -  T.I-H.HIB- 
Hi  *>a-‘ 


:•  0!  I  .PntiOi;- 

'*  ICCI.IU 


t  =  8  op:, 

>  =  o.,:i,. 

!  =  A, 

1  —  ‘  .  :»*> ,  I 

!  =  ».•  13',  '  1 
r  =  9i34ri' 

I 

=  13.2’  A,  1 

=  13.  ;>•  1 

1  _=  9,3; 

—  9  32, 

12  61  A 


>  ■=  IS  35, 

:  =  I... 31  A, 
i-K.V 


:  7.53  A 


.  >C;> 

I  I  '  <t>331  £ 

!  *  r_MK«KUV 


J-C  S,  nHora.o 
t-c^ 


32.7— 63u, 


y-'..S  u  '  iC 


?Cey:  a,  i^onnpound 

b.  Structural  formula 

c.  Crystal  appearance 

d.  Indices  of  refraction 

e.  Density,  g/cm3 

f.  Crystal  system 

g.  Unit  ceil  parametex  a 

h.  Dehydration  temperatures,  °  Z 

i.  Crystalline  phases  formed  by 
decomposition 

m.  Triclinic 
r.  Monoclinic 
y.  Oithorhombic 


1.  Fibers 
gg  Plates 
a  a  Wollustonite 
g'  Suolunite 

ix*  Bax -shaped  crystalline  granules 

i1  Rosenhahnite 

j:  Lath- shaped  crystals 

k'  Afvvillite 

1'  Phase  Z  rankinite 

in'  Dicalcinm  silicate  hydrate 

n'  Sometimes 

c'  Rustamite 

p*  Dellaite,  phase  y 

q'  Tricalcium  nydrosilicate 

r*  Heedles 

s'  Rhombic 


563  - 


rv - 


y», 


p 

* 


TABjuE  2 

INFRARED  ABSORPTION  SPECTRA 
(FREQUENCY  MAXIMA,  cm-1) 


lln<|i|iaK|Ki(‘ii«<c  ('iicktjim  nurao'^viniH  (•mcTOTM  MaucitMyMGK,  cm-1) 


&  Kcoiiot.iht 

6  rn.'IJKr>p.VIJOT 

,  e- 

llA-ToGepta- 
pirr  ciiiitc- 
TtticCKn# 

CMIITCTII- 

•icriiufl 

vs 

*-I  HA|MT 
cmktctm- 
•irciaift 

lipiipujiuuft 
g  (tnmiian 
Ocrtitn) 

i, 

ciiirreTH' 

npil|‘»3!IHfl 

0  (McKenna, 
lIcnapAmia) 

emi^nt- 

•.cciatfl 

3608 

3607 

3038 

3626 

0365 

3340 

.3532 

1197 

1198 

3563 

353-4 

1635 

3150 

2844 

1138 

1137 

1150 

1154 

1206 

2770 

2580 

1063 

1078 

1074 

1078 

1173 

2412 

2450 

1000 

1000 

1031 

1025 

1140 

1658 

<278 

971 

973 

1017 

990 

1075 

1623 

998 

925 

927 

987 

963 

1027 

1320 

93 1 

It'S 

710 

969 

934 

977 

1230 

940 

670 

671 

930 

903 

930 

1100 

S02 

634 

633 

898 

840 

897 

939 

75 r, 

610 

G09 

854 

722 

747 

963 

746 

535 

534 

762 

646 

675 

912 

•»<9 

493 

493 

64-’ 

590 

633 

883 

709 

478 

476 

570 

o40 

610 

8C3 

675 

402 

456 

530 

no 

524 

813 

513 

455 

415 

510 

468 

479 

781 

408 

410 

468 

459 

073 

424 

032 

400 

512 

386 

481 

Key: 

a.  Xonotlite 

b.  Hillebrandite 

c.  Natural  (South  Ossetiya) 

d.  Synthetic 

e.  Natural  (Velardena,  Mexico) 

f.  11  jA  synthetic  tobermorite 

g.  Synthetic  afwillite 

h.  Synthetic  3  hydrate 


Roy  and  Harker  [20]  presented  a  series  of  experimental  phase  diagrams 


of  the  system,  describing  a  number  of  phases  which  were  found  by  successive 
increase  in  temperature,  for  all  values  of  CaO:Si02  ratio  (Fig.  369).  The 
authors,  however,  indicate  that,  hardly  ail  the  diagrams  presented  reflect  a 


stable  equilibrium. 


-  564  - 


Fig.  36&.  CaO  --  SiOg  —  H20  system,  represented  in 
the  form  of  coexisting  phase  triangles  for  various  tempera¬ 
tures  at  th*;  saturated  vapor  pressure  (dotted  lines)  and  at 
a  pressure  ox  about  1064  kgf/ern  (solid  lines);  dashed  lines, 
conjectural  equilibria  (from  Roy  and  Harker):  CaC.  calcium 
chondrodile. 

a.  Okenite  f.  Tobermoi’ite 

b.  Nekoite  g.  Hillebrandite 

c.  Plombierite  h.  Reyerite 

d.  Afwillitc  i.  Xonotlite 

e.  Gyrolxte  j.  Roy  Z  phase 

k.  Foshagite 


Fig.  363.  (continued) 
1.  Wollastonite 


w 


i 


Fig.  369.  (continued) 


ni.  Vapor 
n.  Hankini^e 
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Taylor  [70]  proposed  a  schematic  diagram,  on  which  the  compounds 
of  the  system  were  plotted  (Fig.  370).  A  diagram  according  to  Taylor, 
showing  the  conditions  for  formation  of  the  v/eli-identified  calcium  hydrosilicates, 
is  presented  in  Fig.  371.  Anhydrous  compounds  form  at  temperatures  above 
line  ab;  between  line  ab  and  cd,  products  form  in  which  water  is  present, 
mainly  in  the  form  of  hydroxyl  ions;  below  line  cd,  the  compounds  formed  con¬ 
tain  H  groups,  characterizing  the  acid  function;  they  can  also  contain  molecular 
water  and  hydroxyl  ions. 

A  composite  phase  diagram  and  their  own  data  are  presented  by  Butt 
and  Timashev  and  colleagues  [12]  (Fig.  372).  P-t  equilibrium  curves  for 
certain  phase  transitions  in  the  CaO  --  Si02  --  HgO  system,  according  to 
Buckner,  D.  Hoy  and  R.  Roy  [32],  are  shown  in  Fig  .  373. 

Data  from  study  of  equilibria  in  the  two-component  system  CaO  -- 
HgO  and  SiOg  --  HgO  arc  necessary  for  study  of  the  three -component  system 
CaO  —  Si02  --  H?0. 

CaO  --  HgO.  A  phase  diagram  of  the  CaO  --  HgO  system,  at 
a  pressure  of  1000  bar,  according  to  Wyllie  and  Tuttle  [77],  is  presented  in 
Fig.  374.  Under  these  conditions,  portlandite  melts  congruently  at  835  ~ 

5°.  Two  fields,  representing  the  monovariant  equilibria  CaO  +  liquid  + 

Ca(OH)„  and  Ca(QH)<>  +  liquid  -f  vapor,  intersect  the  isobaric  profile  along 

A  * 

invariant  isobar.'c  lmes,  at  temperatures  of  835  and  815°,  respectively.  The 
position  of  the  CaO  --  Ca(OH)2  eutectic  is  very  close  to  the  composition  of 
Ca(OH)2. 
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Fig.  370.  Compounds  in  CaO  --  SiC>2  --  HgO 
system  (diagram  from  Taylor). 


Key: 


a. 

Hydrated  silica 

3.  Truscottite 

b. 

Tobermorite 

k.  Foshagite 

c. 

Nekoite 

1.  Hydrate 

d. 

Okenite 

m.  Chondrodite 

e. 

Z -phase 

n.  Phase  Y 

f. 

Afwillite 

0.  Conjectural  solid  solution 

g* 

Hydrolite 

p.  Xonotlite 

h. 

i. 

d  -C2S  hydrate  and 
hillebrandite 

Tricalcium  hydrosilicatc 

q.  Kilchoanite,  rankinite 
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woo 

too 
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Fig,  371.  Diagram  indicating  approximate  conditions 

for  formation  of  silicates  and  hydrosiiicates  of  calcium 
under  hydrothermal  conditions  {from  Taylor):  vertical 
lines  Ca/Si  molar  ratio  in  compounds;  extent  of  each 
line  indicates  the  temperature  region,  in  which  a  given 
compound  forms;  wavy  line s^ varying  composition. 

Key: 


e. 

Molar  ratio  of  initial 

n. 

Hillebrandite 

material 

0. 

Hydrate 

f. 

Rankinite 

P. 

Tricalcium  hydrosilicate 

g* 

Kilahoanite,  rankinite 

q. 

Z -phase 

h. 

Chondrodite 

r. 

Tobermorite 

i. 

Phase  Y 

s. 

Afwillite 

j. 

Foshagite 

t. 

Quartz 

k. 

Xonotlite 

u. 

Cristobaiite 

1. 

Truscottite 

V. 

Hydrated  silica 

m. 

Gyrolite 

w. 

Calcium  hydroxide 

t  ////// 1  _ j _ ♦ 


Fig.  372.  Approximate  crystallization  stability 
regions  in  CaO  --  SiOg  —  HgO  system;  from 
Bessey  (see  [  1 5 J) ;  2.  from  Taylor;  3.  from 
Bernal;  4.  from  Grineva,  Butt,  Timashev 
and  others. 

Key: 

a.  Quartz 

b.  Kilohoanite 

c.  Phase  Y 

d.  Phase  Z 

e.  CaO  /  SiC>2  molar  ratio 


L 
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I  ) 

Fig.  373.  P-t  equilibrium  curves  for  certain  phase 
transitions  in  CaO  --  SiOg  --  HgO  system  (from  Bunker, 

D.  Roy  and  R,  Roy);  1.  saturated  water  vapor  pressure 
curve;  2.  afwillite  =  kilchoanite  +  HgO;  3.  11  A  tobermorite® 
xonotlite  +  HgO  +  truscottite;  4.  xonotlite  =  wollastonite  *+■ 
HgO;  5.  tricalcium  hydrosilicate  *  calcium  chondrotite  + 

!  Ca(OH)2  +  H20;  6.  Phase  Y  *  <*'  CgS  +  HgO;  7.  kilchoanite 

(hydrated)  *  rankinite  +  HgO;  8.  calcium  chondrotite  * 

CL  »  C2S  +  CaO  +  HgO. 

Key: 

-3 

a.  Pressure  P,  psi*  10  c 

b.  Pressure,  P,  kgf/cm" 


AP-t  projection  of  ihe  monnvariant  equilibrium  [77}  is  depicted  in 
Fig.  375,  At  pressures  of  less  than  1000  bar,  twr  monovariant  curves  are 
found,  representing  the  equilibria  CaO  -f  Ca(OH)g  **  vapor  and  CaO  -f  liquid  -f* 
vnpor.  At  invariant  point  E,  at  which  four  P-t  curves  intersect,  four  phases 
coexist:  CaO  •*-  Ca(OH)v  ~r  liquid  +  vapor. 


st  '■riPTlABfiii'ir  i  '  aanat&^aafefeaaiiaaaSa>BtfciaiS&iiiaSaiMlSSiataStauiKsa>fa^&iiife^iagaiia 


CaO  W 


Fig.  374.  Phase  diagram  of  CaO  — 

HgO  system  for  pressure  of  1000  bar 
(from  Wyllie  and  Tuttle). 

Key: 

a.  Vapor 

b.  Weight  % 

The  Ca(OH>2  --  HgO  system,  at  21°  and  high  pressure,  studied  by 
Weir  [75],  is  presented  in  Fig.  376. 

idajumdar  and  Roy  [53]  have  studied  the  dissociation  of  Ca(OH)2  at 
various  water  vnpor  pressures.  An  equilibrium  curve  of  the  reaction 
Ca(OH>2  «-*  CaO  +  H90,  at  high  water  vapor  pressures,  is  presented  in  Fig. 
S77.  According  to  Maju.ndar  and  Roy,  ti  e  dissociation  temperature  of  Ca(OH)2 
is  740°  at  a  pressure  of  1000  bar.  The  data  of  Johnston  [is]  on  the  dependence 
of  the  temperature  oi  the  dissociation  Ca(OH)9  CaO  +  H,,0  on  pressure  are 
valid  at  the  present  time. 
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Fig.  375.  P-t  projection  of  mono¬ 
variant  equilibrium  in  CaO  --  HgO 
system  (from  Wyllie  Mid  Tuttle): 
Four  monovariant  curves  meet  at 
invariant  point  E;  curve  CH-L  ex¬ 
tends  from  singular  point  M  and 
fusee  with  curve  C  +  L  +  CH. 

Key: 

a.  Vapor 

b.  P,  bar 


The  Ca(OH)2  &  CaO  4-  HgO  equilibrium  has  beer,  studied  by  Pistorius 
[60),  at  pressures  up  to  20,000  atm.  Pistorius  showed  that,at  pressures  over 
700C  atm,  the  dissociation  temperature  is  almost  independent  of  pressure  and 
is  close  to  790°. 

The  only  compound  in  the  Ca(OH)2  system  (portlandite)  has  hexagonal 
symmetry,  and  it  has  the  appearance  of  thin,  six-sided  plates  [1, 11, 63,  64 
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Fig.  "76.  Hypothetical  "pressure -composition" 
diagram  of  Ca(OH>2  --  H2O  system  at  21°  (from 
Weir). 

a.  atm  d.  Solution 

b.  Ice  e.  Moles 

c .  Saturated  solution 


Fig.  377.  Equilibrium  curve  of  reaction  Ca(OH>2  ^ 
CaO  +  HgO  at  high  water  vapor  pressures  (from 
Majumdar  and  Roy) 

Key: 

a.  P,  kgf/cm^-lO 
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and  others].  The  crystal  system  is  hexagonal.  The  unit  cell  parameters: 
a  =  3.585,  c  =  4.895  kX.  The  indices  of  refraction  are  Ng  —  1.574  and 
Np  =  1.547.  Uniaxial,  negative.  Density  2.  23  g/ cm  .  Tippmann  refers  to 
crystallization  of  Ca(OH)2,  in  the  form  of  needles  or  fillers  [73]. 

Weir  [75]  found,  in  addition  to  Ca{OH)2,  a  crystalline  hydrate  of  the 
composition  Ca(OH>2*  nHgO,  where  n  is  not  less  than  4  and  not  over  6.  Ca(OH)2 
also  has  been  found  in  the  form  of  an  amorphous  variety,  which  usually  is 
formed  by  hydration  of  calcium  silicates  and  portland  cement  [8], 

Many  works  have  been  devoted  to  investigation  of  the  CaO  slaking 
process  [10,  11.  13,  14,  19, 28,  29,  31,  38,  44,  52,  54,  55,  59,  65,  76,  78]. 

Solubility  of  Ca(OH>2  in  water  has  been  studied.  Hedin  [40-42]  obtained 
solubility  data  in  the  temperature  range  from  24  to  57°,  Bassett  [30],  in  the 
0-150°  temperature  range  and  Peppier  and  Wells  [57],  up  to  250°. 

Segalova,  Kontorovich  and  Rebinder  [25]  determined  the  solubility  in 
water  at  21.  6°  of  calcium  oxide  proper,  by  means  of  incorporating  additives 
of  sulfite- alcohol  residues,  glucose,  preventing  the  rapid  growth  of  Ca(OH)r. 
nuclei. 

Fratmi  [37],  Hedin  [40],  D'Ans  and  Kick  [34],  Budnikov  [9]  and  others 
have  studied  the  solubility  of  Ca(OH)2  in  caustic  alkali  solutions  (NaOH  and 
KOH)  at  various  temperatures,  in  solutions  of  chloride  salts,  in  a  solution  of 
gypsum  at  20°  and  in  sugar  solution. 

Ratinov  and  Grigoryan  [18]  have  determined  the  coefficient  of  diffusion 
of  Ca(OH)2  in  solution  at  temperatures  from  28  to  85°. 

Ringqvist  [61]  has  studied  the  electrical  conductivity  of  Ca(OH)2  solutions 
of  various  concentrations  at  0-100°. 
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SiOg  --  HgO.  A  schematic  diagram  of  the  phase  relationships  of 
the  SiOg  --  HgO  system  were  first  plotted  by  Smits  [66j  in  1930,  although 
Fenner  [36]  had  already  begun  study  of  this  system  in  1913. 
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Fig.  378.  SiOg  --  HgO  system,  isobaric  quartz 
solubility  curves  (from  Kennedy). 

Key: 

a.  Si02  in  H2O,  weight  % 

b.  Quartz 

c.  Critical  temperature 

d.  Gas 

e.  Three-phase  region 

f.  Critical  final  point 

g.  Bar 
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Fig.  379.  SiOg  —  R20  system,  isothermal 
quartz  solubility  curves  (from  Kennedy) . 
Key: 

a.  SiC>2  in  H2O,  weight  % 

b.  Two-phase  region 

c.  Quartz 

d.  Three-phase  region 

e.  Gas 

f.  Critical  final  point  2 

g.  Specific  volume  HgO,  cni/g 


Kennedy  [47-49]  has  studied  the  system  over  a  broad  range  of  tempera¬ 
tures  and  pressures.  The  Si02  --  HgO  system  is  depicted  in  Fig.  378,  in  the 
form  of  isobars  of  solubility  of  quartz  in  water,  from  the  experimental  data  of 
Kennedy.  The  pressure  in  bars  is  indicated  on  each  curve.  Quartz  solubility 
isotherms,  according  to  Kennedy,  are  presented  in  Fig.  379  and,  in  Fig.  380, 
a  P-t  diagram  of  a  part  of  the  silica-water  system,  from  Tuttle  and  England  [74], 


Fig.  380.  SiOg  —  H2O  system, 

P-t  diagram  for  silica-rich  region 
of  system  (from  Tuttle  and  England). 
Key: 

9 

a.  P,  kgf/cm  c.  Tridymite 

b.  Quartz  d.  Cristobalite 


Fig.  381.  Theoretical  arrangement  of  F-t  diagram 
of  SiOg  —  H2O  system  (from  Ostrovskiy  and  colleagues): 
in  circles  divariant  phase  combinations,  stable  in  the 
corresponding  fields  of  the  diagram;  T.  tridymite, 

C.  cristobalite,  Q.  quartz,  L.  melt,  G.  vapor. 
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Fig.  382.  Experimental  P-t  diagram  of  part  of  Si02  —  HgO 
system  (Ostrovskiy  and  colleagues):  1.  cristobalite  4* 

melt;  2.  tridymite;  3.  tridymite  4-  melt;  4.  quartz; 
quartz  +  melt;  6.  melt;  remaining  designations  same 
as  in  Fig.  381. 

Key: 

o 

a.  P,  kgf/cm 

OstrovsJiy  and  colleagues  [16, 17]  ha^e  presented  a  theoretical  (Fig. 
381)  and  an  experimental  (Fig.  382)  P-t  diagram  of  part  of  the  SiOg  --  HgO 
system.  The  fact  that  the  tridymite  --  cristobalite  transformation  curve  has 
a  negative  slope  and  bounds  a  narrow  field,  in  which  coexistence  of  tridymite 
and  melt  is  possible,  from  the  top  attracts  attention.  Of  the  invariant  points, 


in  which  cristobalite,  tridymite  and  quarto  are  in  equilibrium,  the  cristobalite  -• 
quartz  equilibrium  curve  stands  out;  its  position  was  determined  experimentally 
up  to  a  temperature  of  1.360°  and  it  was  extrapolated  further  to  the  melting 
temperature  of  silica.  The  diagram  shows  that  neither  cristobalite  nor 
tridymite  are  stable  at  high  pressure.  Thus,  according  to  the  data  of  Ostrovskiy, 
the  cristobalite  4-  tridymite  +  quartz  invariant  point  lies  at  1190°  and  1430 
kgf/cm  .  According  to  the  thermodynamic  calculations  of  Mosesman  and 
Pitzer  [56],  it  is  assumed  to  be  approximately  at  1420°  and  660  atm.  The 
position  of  the  equilibrium  of  quartz  with  the  melt  and  vapor  on  the  Ostrovskiy 
diagram  passes  15°  higher  than  Stewart  fe!ves  [68]:  1130°  at  2000  bar  and  1065° 


^  }  at  5000  bar 
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Fig.  383.  Schematic  representation  of  "pressure- 
temperature -composition"  section  of  diagram  of  Si02  — 
H2O  system  at  1000  and  2000  kgf/cm2  (from  Ostrovslciy 
and  colleagues);  designations  same  as  in  Fig.  381. 

Key: 

a.  kgf/cm'*  b.  Weight  % 
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Fig.  384.  P-t  projection  of  monovariant 
equilibrium  in  SiC>2  --  H2O  system  (from 
Kennedy) . 

Key: 

a.  P  bar 

b.  Critical  final  point 

c.  Quartz 

d.  Two  liquids 

e.  Cristobalite 

f.  Tridymite 


Ostrovskiy  has  plotted  schematic  isobarie  sections  for  pressures  of 
1000  and  2000  kgf/cm2  (Fig.  383). 

A  P-t  projection  of  the  phase  diagram  of  the  SiOg  --  HgO  system,  ob¬ 
tained  by  Kennedy  [48,49],  is  presented  in  Fig.  384.  As  is  evident  from  the 


Key: 
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Fig.  385.  Phase  diagram  of  SiC>2  --  H2O 
system,  upper  and  lower  three-phase 
regions  (from  Kennedy). 

Key: 

a.  Cristobalite  d.  Quartz 

b.  Gas  e.  Vapor 

c.  Tridymite  f.  Wei$it  % 
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Fig.  386.  Phase  diagram  of  Si02  —  HgO 
system,  compositions  along  upper  three- 
phase  boundary  curve  (from  Kennedy). 

a.  P,  kbar  d.  Cristobalite 

b.  Quartz  e.  Tridymite 

c.  Gas  f.  Weight  % 
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figure,  the  results  of  Kennedy  mainly  coincide  with  the  data  of  Ostrovskiy. 
The  SiOg  --  HgO  system  according  to  Kennedy  [49],  showing  the  upper  and 
lower  three-phase  region,  is  depicted  in  Fig.  385.  The  compositions  along 
the  upper  three-phase  boundary  curve,  according  to  Kennedy  [49]  are  shown 
on  the  phase  diagram  in  Fig.  386. 
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ZnO  —  Si02  —  HgO 

The  system  has  been  studied  by  Roy  and  Mumpton  [5]  (Fig.  387).  Two 
zinc  hydrosilicates  are  known,  hemimorphite  Zn^igO^OlRg’HgO  and 
sauconite  Zn6(Si8_xZnxO20)(OH)4[l,  3, 4].  Hemimorphite  is  in  the  ihombic 
crystal  system  [1],  and  the  unit  cell  parameters  are  a  =  8.  38,  b  —  10.  70, 

O 

c  =  5. 11  kX.  Density  is  3.45  g/cm  .  The  indices  of  refraction  are  Ng  -  1.636 
Np  =  1.  614  and  Nm  =  1.  Gi7. 

Roy  and  Mumpton  have  studied  the  mutual  transitions  of  sauconite  and 
hemimorphite  at  pressures  up  to  40,000  psi.  They  found  that  the  temperature 
of  the  hemimcrphite  ^willemite  +  H20  reaction  varies  from  240°  at  10,000 
psi  to  260°  at  40, 000  psi. 

The  monovariant  P-t  curves  for  the  hemimorphite  e*  willemite  +  HgO 
reaction,  at  100  kbar,  according  to  Pistorius  [3],  are  represented  in  Fig.  388. 
Taylor  [6]  has  shown  that  hemimorphite  changes  into  willemite  Zn2SiC>4  at  700°. 
The  phase  relations  in  the  system  and  dehydration  also  have  been  studied  by 
Markham  [2].  -  588  - 
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Fig.  387.  Moncvariant  P-t  curves 
of  ZnO  --  Si02  --  HgO  system  (from 
Rcy  and  Mumpton) . 

Key: 

a.  Sauconite 

b.  Hemimorphite 

c.  Willemite 


Fig.  388.  Monovariant  P-t  curve  for  hemimorphite  £= 
willemite  +  water  reaction  at  100  kbar  (from  Pistorius). 

a.  P,  kbar  c.  Willemite 

b.  Hemimorphite  d.  Ice 
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SrO  —  Si02  —  H20 

The  system  has  not  been  studied.  Carlson  and  Wells  [1]  have  syn¬ 
thesized  individual  compounds  under  hydrothermal  conditions.  Powder 
X-ray  photos  and  differential-thermal  analysis  curves  have  been  obtained  for 
all  phases.  The  composition  of  compounds  in  the  system  and  their  crystallo- 
optical  characteristics  are  presented  in  the  table. 
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CHARACTERISTICS  OF  STRONTIUM  HYDROSILICATES 


« 

Coaxaacaae 

" 

Nm 

NP 

b 

raCuTje  kphctmuoi 

SrO  •  2SiO|  *  HjO 

=  1.574 

c 

Onpyr^Ho  aepsa 

SrO  •  SiOj  •  HjO 

A'tv  =  1.604 

MemyuKi!  A 

2SrO  •  2Si0j  •  3HjO 

—  1.6C 

1 

KpacTa.-i.iu  aenpa- 
*  Bi.ibHoft  (popuu 

3SrO  •  2SiOt  *  3H,0 

1.614 

1.602 

1.602 

(BunmyTMe  npaaxu 

3SrO  •  2Si0j  •  4HjO  j 

1.627 

1.637 

,  , 

1.595 

1.617 

|  Aewparu^ 

2SrO  ■  SlOj  •  HjO 

1.641 

— 

1.638 

|£taani«>o6paaiiue 

npaauu 

3SrO  •  SIOj  •  2HjO 

1.595 

1.575 

tHro.iKK  nan  macran- 

Kfl 

Key: 

a.  Compound 

b.  Appearance  of  crystals 

c.  Rounded  grains 

d.  Lamella 

e.  Crystals  of  irregular 
shapes 


f.  Elongated  prisms 

g.  Dendrites 

h.  Lath -shaped  prisms 

i.  Small  needles  or  plate 3 
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BaO  --  Si02  --  H20 

The  system  has  not  been  studied.  Only  individual  compounds  of  the 
system  have  been  synthesized  and  investigated  [1,2],  the  barium  hydrosilicates: 
BaO- Si02- 6HzO,  BaO*  SiOg*  3HzO,  BaO-  2Si02*  0. 5H20,  BaO-  SiOg-  1-1.  3H20 
(I),  BaO-  SiOg- 1-1. 3HgO  (II).  Kruger  and  Wieker  [3]  present  the  formulas  BaO- 
SiOg-  1.5H20  (D  and  BaO-SiOg’HgO  (n),  respectively,  for  the  last  two,  as  well 
as  X  ray  photos  of  them. 
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Funk  [1]  describes  conditions  for  synthesis  of  barium  hydrosilicates. 


and  he  presents  X-ray  photos  and  differential^ -thermal  analysis  curves  cf  them. 

Hie  structure  of  barium  hydrosilicate  hexahydrate  has  been  determined 
[2J.  The  crystal  system  is  rhombic  and  the  unit  cell  parameters  are  a  =  8.43, 
b  —  12.96  and  c  =  15.01  A;  density  is  2.59-2.60  g/cm^;  indices  of  refraction: 
Ng  *  1.549,  Np  *  1.542  and  Nm  *  1.548  [5], 


Fig.  389.  Approximate  phase  relationships  in  silica- 
rich  region  of  BaO  --  SiOg  --  HgO  system;  phases 
A,  B  and  C  not  identified  (from  Pistorius) . 

Key: 

a.  P,  kbar 

b.  Coesite 

c.  Quartz. 
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A  diagram  of  the  conjectural  phase  relationships  in  the  silica-rich  region 
of  the  system,  according  to  Pistorius  [4],  is  represented  in  Fig.  389.  Phases 
A,  B  and  C,  found  in  study  of  the  system,  were  not  successfully  identified. 

The  author  presents  X-ray  photos  of  these  phases  and  indicates  that  they  do 
not  coincide  with  the  X-ray  photos  of  known  barium  hydrosilicatee. 
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Al2°3  -  Si02  -  H20 

The  phase  diagram  of  the  system,  at  pressures  up  to  10, 000  psi,  has 
•'<?en  studied  by  Roy  and  Osborn  [29]  (Fig.  390).  Monovariant  curves  are  pre¬ 
sented  in  Fig.  391,  in  which  the  triangles  correspond  to  the  triangles  of  Fig. 

390.  The  aluminum  hydrosilicates  are  characterized  in  Fig.  392  and  in  the 
table. 

In  1963,  Roy  and  Aramaki  [5]  made  a  revision  of  the  system.  Two  new 
phases  AS(H)-I  and  AS(H)-H,  were  described.  Some  investigators  [13,36-38] 
relate  phase  AS(H)  -n  to  andalusite. 

)  I 

•j 

i 
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Fig.  390.  Coexisting  phase  triangles  for  various  temperatures 
and  pressures  of  about  10, 000  psi  of  the  AlgOg  --  SiOg  —  HgO 
system  (from  Roy  and  Osborn);  solid  lines,  experimental  data; 
dashed,  conjectural  relationships;  A.  andalusite;  B.  boehmite; 

D.  diaspore;  E.  endellite;  G.  gibbsite;  H.  hydralsite; 

K.  kaol*nite,  nacrite,  dickite  or  halloysite;  M.  Al-montmorillonite; 

Mu.  mullite;  P.  pyrophyllite. 

P-t  curves  of  some  reactions  in  the  AlgOg  —  SiOg  —  HgO  system, 
according  to  Kennedy  [16],  are  depicted  in  Fig.  393.  The  data  of  this  author 
from  study  of  the  system  under  hydrostatic  conditions  also  are  presented  in 
work  [21].  Curves  characterizing  the  equilibrium  of  the  pyrophyllite  —  kyanite  + 
quartz  (coesite)  +  HgO  and  pyrophyllite  +  corundum  *  kyanite  reactions  are 
shown  in  Fig.  394. 
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Fig.  391.  Monovariant  P-t  curves  of  AlgOg  — 

SiOg  --  HgO  system  (from  Roy  and  Osborn); 

the  triangles  correspond  to  the  triangles  of 

Fig.  390:  I.  gibbsite  =  boshmite  +  HgO; 

II.  endellite  =  halloysite  4-  IInO;  in.  boehmite  - 

«• 

diaspore;  IV.  diaspore  =  corundum  +  HgO  and 
kaolinite  =  hydralsite  +  pyrophyllite  +  mont- 
morilionite;  V.  montmorillonite  -  pyrophyllite  + 
hydralsite  +  H90;  VI.  pyrophyllite  =  mullite 
(or  andalusite)  f  quartz  -f  HgO. 

The  results  of  Kennedy  have  been  supplemented  by  Robinson  (28J.  The 
data  of  Robinson  concerns  stable  and  metastable  equilibria  close  to  the  in¬ 
variant  points  (Fig.  395).  The  objections  of  Robinson  concern  the  pyrophyUite  4- 
corundum  =  kyanite  +-  HgO  and  pyrophyllite  -f-  diaspore  =  kyanite  +  HgO 
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Fig.  392.  Crystalline  phases  in  AlgO^  -- 
Si02  —  HgO  system  (from  Roy  and  Osborn). 

Key: 

a.  Quartz,  tridymite,  cristobalite 

b.  Pyrophyllite 

c.  Al-montmorillonite 

d.  Kaolinite,  nacrite,  dickite,  halloysite 

e.  Hydralsite 

f.  Andalusite,  sillimanite,  kyanite 

g.  Mullite 

h.  Endellite 

i.  Gibbsite,  bayerite 

j.  Diaspore,  boehmite 

reactions.  Robinson  points  out  that  these  reactions  become  metastable  when 
they  intersect  the  reaction  curve  of  diaspore  =  corundum  +  HgO.  The 
pyrophyllite  =  kyanite  +•  quartz  +  HgO  reaction  also  becomes  metastable 
upon  intersecting  the  kyanite  --  sillimanite  curve  in  the  low  pressure  region 
and  the  quartz -coe site  curve  in  the  high  pressure  region. 
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*  The  density  limits,  depending  on  moisture,  are  indicated. 
Key: 


a.  Compound  3 

b.  Density,  g/cm 

c.  Crystal  system 

d.  Unit  cell  parameters 

e.  Halloysite 

f.  Endellite 

g.  Metahalloysite 

h.  Basal  interplane  distance 

i.  Kaolinite 


j.  Nacrite 

k.  Dickite 

l.  Triclinic 

m.  Rhombic 

n.  Monoclinic 

o.  Hydralsite 

p.  Pseudohexagonal 

q.  Al-montmorillonite 

r.  Pyrophyllite 


Kittrick  [18]  has  plotted  a  phase  diagram  of  the  AlgOg  --  SiOg  --  HgO 
system  at  25°  and  1  atm. 

Althaus  [4]  carried  out  a  revision  of  the  equilibrium  relations  in  the 
system  at  pressures  up  to  12,000  bar.  According  to  his  data,  the  kaolinite  ~f- 
quartz  ^  pyrophyllite  ■+  water  phase  boundary  passes  through  the  points: 

)  500  bar  and  340°,  1000  bar  and  368°,  2000  bar  and  ?20**,  6900  bar  and  405°. 

The  following  equilibrium  conditions  have  been  found  for  the  pyrophyllite  ^ 
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Fig.  393.  P-t  curves  for  some  reactions  in  AlgOg 
SiOg  —  HgO  system  (from  Kennedy). 


Key: 

a. 

Kbar 

e. 

Kaolinite 

b. 

Gibb  site 

f. 

Pyrophyllite 

c. 

Diaspore 

g- 

Sillimanite 

d. 

Corundum 

h. 

Quartz 

andalusite  4-  quartz  «f  water  reaction:  487  it  5°  at  2000  bar  and  513  it  1C°  at 
6900  bar;  for  pyrophyllite  kyanite  +  quartz  -f-  water  reaction,  512  it  10°  at 
7000  bar  and  528  —  10°  at  12000  bars.  The  equilibrium  relationships  between 
phases  and  their  characteristics  also  are  presented  in  the  works  of  Brindley 
[7)  (kaolinite  structure),  Gruner  [10]  (dickite),  Hendricks  [14]  (nacrite), 
Blount  and  colleagues  [6]  (nacrite),  Newton  [23]  (kyanite  --  sillimanite  and 
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Fig.  394.  P-t  curves  of  pyrophyllite  =  kyanite  + 
quartz  (coesite)  +  H90  and  pyrophyllite  +- 
corundum  =  kyanite  reactions  (from  Kennedy). 


Key: 

a.  Kbar 

b.  Kyanite 

c.  Coesite 

d.  Quartz 


e.  Diaspore 

f.  Pyrophyllite 

g.  Kyanite 

h.  Corundum 

i.  Sillimanite 
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Fig.  395,  P-t  curves  of  reactions  and  coexisting 
phase  triangles  in  AlgOg  —  SiC>2  --  HgO  system 
(from  Robinson);  D.  diaspore;  P.  pyrophyllite; 

K.  kyanite;  S.  sillimanite;  Q.  quartz;  C.  corundum; 
Ko.  coesite. 

Key: 

a.  Kbar 


kyanite  --  andalusite  equilibria),  Newton  and  Kennedy  [24],  Schreyer  and 
Yoder  [31],  Ved'  and  Litvinova  [2]  (study  of  AlgOg  SiC>2  --  H20  system  under 
autoclave  conditions),  Bulygin  [1]  (dehydration  and  rehydration  of  natural  and 
synthetic  aluminosilicate  hydrates  of  kaolinite  composition),  Niggli  [25]  and 


Kerrik  [17]. 
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Study  of  equilibria  in  the  AlgOg  --  Si02  --  HgO  system  would  be  incom- 
plete  without  examination  of  the  data  on  the  AlgOg  --  HgO  system,  some 
information  on  which  is  contained  in  volume  1  of  the  handbook  [N.  A.  Toropov, 

V.  P.  Barzakovskiy,  V.  V.  Lapin,  N.  N.  Kurtseva,  Diagram  my  sostoyaniya 
silikatnykh  sistem,  I.  Dvoynyye  sistemy  [Phase  Diagrams  of  Silicate  Systems: 

I.  Binary  Systems],  Nauka  Press,  Leningrad,  1965,  p.  459]. 

A1203  --  HgO.  The  AlgOg  --  H20  system  is  presented  in  P-t 
coordinates  in  Fig.  396,  from  Torkar  and  Worel  [34].  The  system  has  been 
studied  by  Kennedy  [16],  in  the  100-600°  temperature  range  and  pressures 
from  5000  to  40,000  atm.  Phase  diagrams  at  low  and  high  pressures  are 
{3  depicted  in  Fig.  397.  At  a  pressure  of  40, 000  atm  and  a  temperature  of  235°, 
the  trihydrate  (gibbsite)  is  stable.  The  monohydrate  (diaspore)  is  stable  at 
40, 000  atm  and  590°.  The  monohydrate  exists  in  two  polymorphic  modifications, 
diaspore  and  boehmite.  Boehmite  is  a  metastable  phase.  Jamaguchi  and 
_  colleagues  have  obtained  a  new  hydrate  5A1203*H20  (todite),  under 
hydrothermal  conditions  [15].  A  hexagonal  cell  has  been  established  with 
parameters:  a  —  5.575,  b  =  8.761  A. 

Three  polymorphic  varieties  of  aluminum  oxide  trihydrate  AlgO^*  3H20 
are  known:  gibbsite,  bayerite  and  the  new  mineral nordstrandite,  synthesized 
by  Nordstrand  and  colleagues  [26].  Nordstrandite  was  obtained  from  solutions 
of  aluminum  chloride  or  nitrate  and  ammonium  hydroxide. 

Nordstrand  presents  a  X-ray  photo  of  the  new  mineral.  According  to 
his  data,  the  basal  interplane  distance  of  the  new  phase  is  4.  875  A.  De- 
)  hydrationof  nordstrandite  takes  place  at  a  temperature  of  about  200°,  with 
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Fig.  396.  Phase  diagram  of  AlgOg 
HgO  system,  P-t  curves  (from 
Torkar  and  Worel); 


1  —  Al,0,-3H.O  -*  A1,0,*H,0-|- 
+  IftOjl” Al.Ot -HtO  + 


Key: 

a.  Atm 

b .  Hy  drarg  yllite 


c.  Boehmite 


formation  of  ijAlgOg.  The  mineral  is  known  in  nature  [11,35].  Nordstrandite 


from  Borneo  [35]  has  a  density  of  2.  43  g/crn  and  indices  of  refraction 


Ng  *=  1.613,  Nm  =  1.583  (calculation)  and  Np  =  1.580.  Nordstrandite  from 


Guam  [12]  has  a  density  of  2.436  g/cm  and  indices  of  refraction  Ng  =  1.596, 


Nm=  1. 580  and  Np  =  1.  580. 


Aldcroft  [3]  has  studied  the  formation  and  thermal  decomposition  of 


nordstrandite.  A  series  of  works  has  been  devoted  to  production  and  study  of 


various  properties  of  this  mineral  [12,  20, 27, 32].  Saalfeld  and  Mehrotra  [301 
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Fig.  397.  Phase  diagram  of  AlgO,  --  HgO  system 
(from  Kennedy);  a.  at  low  H2O  pressure;  b.  at  high 
H2O  pressure. 

.  Bar  g.  Water 

.  Gibbsite  h.  Diaspore,  stable  phase 

.  Diaspore  i.  Corundum 

Metastable  boehmite  j.  Stable  diaspore 


have  presented  a  X-ray  study  of  monocrystals  of  natural  nordstrandite. 
According  to  their  data,  nordstrandite  is  in  the  triclinic  crystal  system. 

9  There  is  a  hypothesis  that  nordstrandite  has  various  modifications. 

The  system  also  was  studied  earlier  by  Friecke  and  Hflttig  [9],  Ervin 
and  Osborn  [8],  Thompson  [33]  and  Yoder  and  Weir  [39].  The  system  has 
been  studied  under  hydrothermal  conditions  by  Neuhaus  and  Heide  [22]  and  by 
Laubengayer  and  Weisz  [19]. 
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Ga2°3  "  H2° 

The  phase  diagram  of  the  system  has  not  been  studied.  Individual 
compounds  of  the  system,  gallium  hydro  silicates,  hav^  been  synthesized: 
gallium  kaolinite  Ga2C>3*  2Si02*  2H20,  at  temperatures  from  200  to  500°  and 
pressures  from  6000  to  10,000  psi,  and  gallium  montmorillonite  Ga203*4SiC>2* 
H20,  having  an  appearance  typical  of  montmorillonite,  namely  in  the  form  of 
extremely  thin  plates  and  "fluffy"  particles,  sometimes  with  rounded  corners 

m. 
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Zr02  --  Si02  --  H20 

The  system  has  been  studied  by  Maurice  [1].  The  format:on  of  zirconium 
hydrosilicates  has  not  been  found.  In  water  solution,  at  400°  and  a  pressure 
of  900  atm,  zircon  and  anhydrous  zirconium  minerals  have  been  obtained. 
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The  phase  diagram  of  the  system  has  not  been  studied.  A  series  of 
compounds  of  the  system,  phorphorus  hydrosilicates,  has  been  synthesized, 
and  the  conditions  for  producing  them  and  some  properties  have  been  described 
[1-7]:  P205-Si02-H20,  P^- SiCy  2H20,  3P2C>5*  2Si02*  H20,  2P205*SiCy 
4H20.  Only  an  approximate  composition  is  indicated  for  the  latter  compound. 
The  X-ray  photo  of  this  hydrosilicate  practically  coincides  with  the  X-ray 
photo  of  the  compound  PgOg*  Si02*  2H20. 

Lelong  and  Boulle  have  studied  the  conditions  of  formation  of  PgO,.*  ^iOg* 
HgO  from  HgPO^  and  Si02  (or  SiCl^) .  These  investigators  [6]  subsequently 
obtained  and  proved  chromatographically  the  existence  of  two  new  phorphorus 
hydrosilicates,  P2Og*  Si02*  2H20  and  3P2Og*  2Si02*  HgO,  containing  ortho-and 
triphosphate  anions,  respectively.  The  authors  also  carried  out  X-ray  studies 
and  studied  the  thermal  behavior  of  these  compounds.  Lecomte  and  colleagues 
[3]  have  studied  the  structure  of  compounds  of  the  system  by  means  of  infra¬ 
red  spectroscopy. 
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Cr2^3  ““  ^°2  H2° 

Only  preliminary  results  have  been  obtained  from  investigation  of  the 
system  [1].  Compounds  with  a  layered  structure  have  not  been  obtained. 
CrO(OH)  crystallized  out  in  certain  tests  in  the  200-275°  temperature  range. 
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MnO  --  Si02  —  H20 

The  difficulty  in  study  of  this  system  consists  of  the  presence  of  oxides 
with  cations  of  variable  valence.  A  phase  diagram  of  the  system  has  net  been 
produced.  Efforts  to  study  the  system  have  been  made  by  D.  Roy  and  R.  Roy  [1J. 
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Fe2°3  ^i02  "" 

Flaschen  and  Osborn  [2]  have  studied  the  system  at  low  oxygen  partial 
pressure.  Study  of  the  system  was  complicated  by  the  presence  of  a  cation 
with  variable  valence.  In  practice,  study  of  the  FeO  —  FegOg  —  SiOg  --  HgO 
system  was  required.  A  series  of  tetrahedra,  depicting  the  equilibrium 
relationships  between  the  phases  in  the  four-component  s,.  stem  in  the  250- 
480°  temperature  range,  is  presented  in  Fig.  398. 
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Fig.  398.  Stable  phase  emsembles  in  FeO  —  Fe203  — 

SiOg  —  H20  system  at  various  temperatures  (from 
Flaschen  and  Osborn);  I.  <  250°;  II.  250-470°;  in.  470- 
480°;  IV.  ">  480°;  1-12.  stability  fields  of  three  or  four 
condensed  phases;  M*.  magnetite;  Q.  quartz;  F.  fayalite; 

M.  minnesotaite;  G.  greenalite. 

Key: 

a.  Anterior  plane 

The  tetrahedra  include  20  coexisting  phase  triangles,  showing  the 
equilibria  among  the  following  phases:  magnetite  --  greenalite  —  water  (1), 

minnesotaite  —  greenalite  --  water  (2),  quartz  --  minnesotaite  --  water  (3), 

quartz  —  minnesotaite  —  fayalite  (4>,  minnesotaite  —  greenalite  —  water  (5), 

greenalite  --  fayalite  --  water  (6),  quartz  --  fayalite  --  magnetite  (7), 

magnetite  --  quartz  --  water  (8),  magnetite  --  fayalite  --  water  (9),  greenalite 
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fayalite  --  water  (10),  minnesotaite  --  fayalite  --  water  (11)  and  fayalite  -- 
quartz  --  water  (12). 

The  following  crystalline  phases,  iron  hydrosilicates,  in  the  system  are 
known: 

1.  Minnesotaite  Fe3Si401Q(0H)2,  the  iron  analog  of  talc  [4],  monoclinic; 

unit  cell  parameters  a  =  5.4,  b  =  9.4,  c  sin  t  =  19. 1  A;  indices  of  refraction 

3 

Ng=  Nm  =  1.C18  and  Np  =  1.586;  density  3.0-3. 1  g/cm  ; 

2.  Greenalite  Fe3Si205(OH)2  belongs  to  the  serpentine  group  of  minerals; 
Gruner  [3]  proposed  the  formula  (0H)12FegFe2Sig022*  2H20;  monoclinic,  unit 
cell  parameters  a  =  14.  5,  o  =  18. 6  A,  parameter  c  has  not  been  determined; 

3 

density  3.0  g/cm  ; 

3.  Grunerite  Fe?Si8022(0H)2  is  an  iron  amphibole,  monoclinic;  indices 


of  refraction  Ng  —  1.  729,  Np  =  1.  686  and  Nm  =  1.  709  [1], 

Greenalite  and  minnesotaite  are  metastable  phases  up  to  470  and  480°, 
respectively.  Above  470°,  greenalite  decomposes  into  minnesotaite,  fayalite 
and  water  and  minnesotaite,  into  quartz,  fayalite  and  water. 

The  system  also  has  been  studied  by  D.  Roy  and  R.  Roy  [5].  Iron 
muscovite  has  been  synthesized  under  hydrothermal  conditions.  Trivalent 
iron  is  in  both  octahedral,  and  tetrahedral  coordination  in  the  structure. 
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CoO  —  Si02  --  H20 
The  phase  diagram  of  the  system  has  not  been  investigated.  Pistorius  [5] 
has  studied  only  the  silica-rich  region  of  the  system  (Fig.  399).  The  data  of 
Yoder  and  MacDonald  (2, 7]  also  is  presented  in  the  figure.  Three  phases  have 
been  found:  Co-olivine,  Co-talc  and  Co-pimelite.  The  unit  cell  parameters  of 
Co-talc  3CoO*4Si02*  HgO  have  been  determined:  sin  f)  =  18.90,  bg  =  9. 17 

and  cQ  =  5.29  A;  monoclinic  crystal  system. 


Fig.  399.  Phase  relationships  in  silica-rich  portion 
of  CoO  --  SiOg  --  HgO  system  at  temperatures  up  to 
900°  and  pressures  up  to  40  kbar  (from  Pistorius). 

Key: 

a.  Kbar  f.  Coesite 

b.  Co-pimelite  (variable  g.  From  MacDonald 

composition)  h.  Quartz 

c.  Co-talc  i.  From  Yoder 

d.  Vapor 

e.  Co-olivine 
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Individual  compounds,  cobalt  hydrosilicates,  of  the  system  have  been 
synthesized  by  Pukall  [6]  who  obtained  CoSiO„*  2H00,  Feitknecht  and  Berger 

QO  & 

[1],  7.4  CoO*4Si02‘  8H20,  Noll,  Kircher  and  Sybertz  [3, 4],  Co-chrysotile 


v.  CoO*  2Si02- 2H20. 
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NiO  —  Si02  —  H20 

The  system  has  been  studied  by  D.  Roy  and  R.  Roy  [8].  Coexisting  phase 
triangles  for  certain  temperatures  are  presented  in  Fig.  400.  Pistorius  [7] 
presented  a  diagram  of  the  phase  relationships  in  the  silica-rich  region  of  the 
system  studied  up  to  350°  at  a  pressure  of  40  kbar  (Fig.  401).  A  curve  from 
Yoder  [10]  also  is  presented  in  the  figure.  Nickel  hydrosilicates  of  differing 
compositions  have  been  synthesized,  Garnierite  (chrysotile)  3Ni0  2Si02* 

2H20  was  obtained  by  D.  Roy  and  R.  Roy  [8].  Noll  \nd  Kircher  [6],  Caillere 
[3,4]  and  others.  Ni-sepiolite  3NiO"  4Si02' nHgO  [4],  Ni-talc  3NiO*  4SiC>2*  H^O, 


'J  1.  A 
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Ni-pi melite  3NiO* 4Si02*  HgO  and  Ni-serpentine  3NiO*  2Si02*  21^0  also 
have  been  obtained.  Prikhod'ko  and  colleagues  [2j  synthesized  NiO*  SiOg' 
2.42H2O  under  hydrothermal  conditions  and  Feitknecht  and  Berger  [5], 

5NiO*  SSiOg*  8H2O.  Nickel  hydrocilicates  also  have  been  studied  by  Spangenberg 
[9],  Alekseyeva  and  Godlevskiy  [1]  and  others. 


h2o  b  wo  B 


Fig.  400.  Coexisting  phase  triangles  of  NiO  --  SiOg  -- 
H2O  system  (from  D.  Roy  and  R.  Roy);  T.  talc;  F.  forsterite; 
S.  serpentine;  B.  brucite. 
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Fig.  401.  Conjectural  phase  relationships  in  NiO  --  SiOg 
H2O  system  in  silica-rich  region,  at  temperatures  up  to 
950°  and  pressures  up  to  40  kbar  (from  Pistorius). 

a.  Kbar  d.  Bunsenite 

b.  Pirn  elite  (variable  e.  Quartz 

composition)  f.  from  Yoder 

c.  Talc 

-  613  - 


* 


* 


BIBLIOGRAPHY 

1.  Alek3eyeva,  Ye.F. ,  M.N.  Godlevskiy,  Zap.  Russk.  mineral,  obshch. , 

66,  1,  1937,  p.  51. 

2.  Prikhod'ko,  N.Ye.,  V.  S.  Molchanov,  O.  S.  Molchanova,  DAN  SSSR.  nov. 
ser. ,  86,  1,  1R52,  p.  83. 

3.  Caill^re,  S. ,  Bull.  Soc.,  Franc.  Miner.,  59,  April  1936,  p.  163. 

4.  Caillere,  S. ,  S.  Henin,  J.  Esquevin,  Compt.  rend. ,  241,  13,  1955,  p.  810. 

5.  Feitknecht,  W. ,  A.  Berger,  Helv.  chim.  acta,  25,  7-8,  1942,  p.  1543. 

6.  Noll,  W. ,  H.  Kircher,  Naturwiasenschaften,  39,  10,  1952,  p.  233. 

7.  Pistorius,  C.W.  F.T.,  Neues  Jahrb.  Mineral. ,  Monatshefte,  2/3,  1963, 
p.  30. 

8.  Roy,  D.  M. ,  R.  Roy,  Amer.  Mineralogist,  3£  11-12,  1954,  p.  972. 

9.  Spangenberg,  K. ,  Naturwissenshaften,  26,  35,  1938,  p.  578. 

10.  Yoder,  H.  S. ,  Trans.  Amer,  Geophys.  Union,  31,  6,  1950,  p.  827. 


1 


13 


4 


-  614  - 


SUPPLEMENT 


Na20  --  CaO  --  SiC>2 

Shahid  and  Glasser  [4]  have  obtained  the  high -silica  compound  NagO 

Ca0  5Si02,  rhombic  crystal  system,  with  space  group  P2j2j2  a  =  7.74, 

b  =  9.83,  c  =  13.88  A;  Nm  =  1.545,  Ng-Np  =  0.007,  with  density  of  2.619 
2 

g/cm  ,  undergoing  a  reversible  polymorphic  transformation  at  720°. 

Shahid  and  Glasser  [5]  have  studied  the  high-silica  region  by  the  quench¬ 
ing  method.  A  section  found  here,  distinguished  by  low  melting  temperature, 
is  in  the  primary  crystallization  field  NagO*  CaO*  5Si02  and  3Na2<>  SSiOg.  The 
latter  melts  incongruently,  with  formation  of  sodium  disilicate  and  liquid,  and 
not  silica  and  Hquid,  as  was  mentioned  by  Williamson  and  Glasser  [6], 

There  are  three  eutectic  points  between  the  fields:  NCSg,  NS2  and  NgSg 
(775°);  NCSg,  NgSg  and  quartz  (755°);  and  N^Sg  and  quartz  (788°);  they  contain 
the  following  amounts  of  NagO,  CaO  and  Si02  (weight  %),  respectively;  24. 4, 
3.6,  72.0;  22.0,  3.8,  74.2;  27.2,  0.0,  72.8.  There  are  four  peritectic  points 
among  the  fields:  NCgSg,  NCSg  and  quartz  (t.27°);  NCgSg,  NCgSg  and  NS2 
(785°);  NCgSg,  NCSg  and  NS2  (785°);  and  NSg  and  NgSg  (793°);  they  contain 
NagO,  CaO  and  SiOg  in  the  following  amounts  (weight  %),  respectively: 


> 


19.0,  6.8,  74.2;  25.4,  5.4,  69.2;  25.0,  5.4,  69.6;  and  26. 2,  0.0,  73.8. 

Akhmetov  and  colleagues,  by  crystallization  of  the  corresponding  glasses 
[2]  or  hydrotherm  ally  [1],  obtained  a  new  ternary  compound  Na20*  CaO*  2Si02 
(Na2CaSi2Og)  in  the  cubic  crystal  system,  aQ  =  7.48  ^  0.01  A,  density  2.  87 
g/cm  and  Nm  =  1.585. 


Upon  heating,  NagO*  CaO*  2Si02  apparently  changes  into  a  tetragonal 
modification,  which,  in  the  opinion  of  the  authors,  KrcJger  and  Bldmer  [3] 
obtained,  erroneously  taking  it  for  Na00-  CaO*  3SiO.,. 
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MgO  --  CaO  —  Si02 

Hatfield  and  Richmond  [1]  have  studied  the  solubility  of  monticellite 
(CaMgSiO^)  in  forsterite  (MggSiO^),  using  a  reflecting  microscope  on  quenched 
samples.  In  earlier  investigations,  when  the  X-ray  radiographic  method  was 
used,  an  overstated  concentration  of  the  dissolved  monticellite  was  obtained. 

)  According  to  Hatfield  and  Richmond,  the  limiting  solution  at  1500°  contains 
9  weight  %  and,  at  1700°,  4  weight  %  of  monticellite  (from  Ricker  and  Osborne, 
28  weight  %  at  1500°,  from  Liggar  and  O'Hara,  19  mole  %  at  1490°). 
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Jr'anek  and  Kanclif  [4]  have  studied  the  thermal  breakdown  of  rnerwinite 
3CaO*  MgO*  2Si02.  Upon  heating  in  vacuum,  the  breakdown  is  accompanied  by 
formation  of  Cf  2  CaO'  SiOg  and,  in  air,  of*  2Ca0*3i02. 

Spencer  and  colleagues  [5]  shoved  that  the  solubility  of  CaO  in  magnesium 
oxide  depends  on  the  silica  content  in  mixtures  anneaied  at  1800°.  Silica  can 
occur  in  the  form  of  monticellice,  merwinite  or  calcium  silicates.  With  a 
constant  Si09  content,  the  solubility  of  CaO  in  pericalse  (MgO)  increases  in 
proportion  to  increase  in  the  CaO/SiOg  ratio  (see  table). 


CaO  CONTENT  IN  SOLID  SOLUTION  OF  PERICLASE  vs. 
NATURE  AND  AMOUNT  OF  SILICATE  PRESENT  IN  THE  BATCH 


n 

fforoni a,  mo.. it 

(>  C0CT3B,  BCC.Vt 

e 

CoAepacamtc  CaO 
a  xaop.io!*  pacraope 
ntpmuiaaa,  see.  */, 

CaO 

MgO 

SIO, 

0,5  CMS 

0.69 

98.58 

0.73 

0.10 

0.25  C.MS, 

1.03 

98.24 

0.73 

0.22 

0.5  C«S 

1.37 

97.90 

0.73 

0.30 

0.5  C-S 

2.04 

97.23 

0.73 

0.75 

1.0  CMS 

1.35 

97.23 

1.42 

0.10 

0,;*  C3MS4 

2.01 

96.57 

1.42 

0.30 

1.0  CjS 

2.69 

95.89 

1.42 

0.51 

1.0  C3S 

3.98 

94.60 

1.42 

1.40 

Key: 

a.  Additive,  moles 

b.  Composition,  weight  % 

c.  CaO  content  in  periclase  solid  solution, 
weight  % 


Henney  and  Jones  [3]  found  that  the  amount  of  calcium  oxide  dissolved 


in  periclase  increased  in  proportion  to  addition  of  2CaO'  SiOg  to  magnesium 


oxide,  and  reached  0.  8  weight  %  at  1750°. 
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Hatfield  and  colleagues  [2]  showed  that  the  periclase  phase,  occuring  in 
equilibrium  with  the  melt,  contains  calcium  oxide  in  solid  solution. 

Spencer  and  Coleman  [6]  studied  sintering  of  magnesium  oxide  (1400- 
1800°),  to  which  small  (0.  5  and  10  mole  %)  amounts  of  forsterite,  monticellite, 
merwinite,  calcium  silicates  and  CaO  were  added.  In  the  first  half  hour  at 
all  imperatures,  consolidation  of  the  magnesium  oxide  took  place,  but  addition 
of  silicates  hampered  consolidation  with  further  exposure. 
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SrO  --  BaO  --  Si02 

Fields  and  colleagues  [1]  obtained  the  ternary  compound  BaSrSigOg, 
melting  congruently  at  1325  —  15°.  Limited  solubility  was  found  in  the 
Ba2SiO^  —  SrgSiO^  profile:  70  mole  %  SrgSiO^  in  BagSiO^  and  5  mole  % 
BagSiO^  in  SrgSiO^  at  the  eutectic  temperature.  In  the  metasilicate  profile 
at  the  eutectic  temperature  of  1210it  15°,  40  mole  %  SrSiOg  dissolves  in 
BaSiOg  and  20  mole  %  BaSiOg  in  SrSiOg. 
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LigO  —  ZnO  --  Si02 

Lam  [1]  found  the  compound  2Li20*  4ZnO*  3Si02  and  limited  solid  solutions 
in  the  orthosilicate  section.  At  900°,  5  mole  %  ZngSiO^  dissolves  in  Li2ZrSiC>4 
and  from  62  to  72  mole  %  ZngSiC^  dissolves  in  2Li20‘  4ZnO*  3Si02. 

West  and  Glasser  [2]  studied  completely  the  partial  system  Li4Si04  — 
Zn2Si04,  by  quenching  and  differential -thermal  analysis. 

The  compound  Li2ZnSi04  melts  congruently  at  1472  20°.  The  eutectic  of 

this  compound  andZn2Si04,  containing  84  dt  4  mole  %  Zn2Si04,  melts  at  1340  — 
20°.  Zn2Si04-base  solid  solutions  do  not  form.  The  authors  assume  four 
modifications  for  Li4SiC>4,  with  transition  temperatures  of  608,  666  and  724°. 

A  Li4Si04~base  solid  solution  forms,  up  to  a  content  of  approximately  18  mole 
%  ZivSiC^  (900-950°). 

Two  types  of  solid  solutions  were  found  in  the  central  part  of  the  diagram: 
phases  y  and  ft ,  with  some  fields  of  homogeneity.  Phase  apparently 
forms  on  a  base  of  the  compound  Li2ZnSi04,  and  it  consists  of  two  modifications., 
with  a  transition  point  of  650°.  The  y  phase,  adjacent  to  the  f  phase, 
extends  in  the  Li4Si04  direction.  It  hr>.$  three  polymorphic  forms:  ^  (high- 

temperature),  and  ^q. 

The  authors  established  a  more  zinc  oxide -rich  rhombic  C  phase,  with 
some  region  of  homogeneity.  It  is  proposed  that  the  "ideal  formula"  of  this 
phase  corresponds  to  the  compound  LigZngSigOgg  or  LigZn^S^Ojg. 
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West  and  Glasser  [2],  besides  stable  ones,  plotted  metastable  phase 
diagrams  of  the  Li^SiO^  —  ZngSiO^  system.  The  first  was  obtained  at  a  rate 
of  cooling  from  the  melt  or  from  the  solidus  temperature  of  2-20°  per  minute 
and  the  second,  at  a  rate  of  50-500°  per  minute.  In  the  metastable  diagram 
(cooling  at  2-20°  per  minute),  a  new  phase  D figures,  which  apparently  is 
some  variety  of  solid  solution,  based  on  the  low -temperature  modif.  nation  of 
Li^SiO^. 


o 
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NagO  --  ZnO  —  Si02 

Belokoneva  and  colleagues  (1]  have  studied  the  crystal  structure  of 

NagZnSigOg,  called  zinc  chkalovite.  The  parameters  of  the  rhombic  cell  of 

(  )  this  compound  are  a=  21.503  1  0.05,  b  =  7.120  "t  0.02  and  c  =*  7.400  i 

3 

0.002  A.  With  a  density  of  3. 1  g/cm  ,  a  uiJt  pa rallelipiped  contains  eight 
formula  units. 

Joubert-Bettan  and  colleagues  [2]  assume  that  NagZnSiC^  is  a  derivative 
of  the  rhombic  p  NagFegO^.  The  authors  think  that  NagZnSiO^  is  the  first 
compound  which  can  be  treated  as  a  hexagonal  diamond  structure. 
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CaO  —  ZnO  --  SiC>2 

Eysel  and  Hahn  [1]  have  studied  the  stabilizing  effect  of  zinc  oxide  on  the 
polymorphic  modifications  of  3 CaO*  SiOg.  The  authors  consider  that  the  mono¬ 
clinic  forms  Mjj  and  ^  occui  in  two  iorms  a  and  b.  With  increase  in  amount 
of  ZnO,  the  modifications  are  stabilized  in  the  following  sequenc  c:  T*,  T  , 

*  JJL 

Mjb*  and  R  (see  page  106  for  designations). 
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BaO  --  ZnO  --  Si02 

The  system  has  been  studied  by  Segnit  and  Holland  [1].  Five  ternary 
compounds  have  been  found  and  described,  with  the  mole  ratios  BaO:  ZnO: 
SiOg,  1:1:1,  1:1:3,  1:2:2,  2:1:2,  2:3:3.  50  invariant  points  are  presented  in 
the  triple  phase  diagram,  and  six  of  them  are  eutectics,  one  of  which,  with  a 
minimum  melting  temperature  of  1100®,  has  the  composition  41.7  weight  % 
BaO,  17.0  ZnO  and41.3Si02. 
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Na20  —  CoO  --  Si02 

Lacy  and  Pask  [1]  present  a  likely  phase  diagram  of  the  partial  system 
CoO  --  Na20*2Si02,  which  is  of  the  simple  eutectic  type. 

The  eutectic  contains  40  mole  %  CoO  at  630°. 
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CaO  --  CoO  —  SiOg 

The  system  has  not  been  studied  completely.  Lapin  and  Solovova  [1] 
have  synthesized  cobalt  akermanite  Ca^CoSigO^  from  a  mixture  of  CaCOg, 
CotNOgJg  and  SiOg'HgO.  Its  melting  temperature  is  1285°.  It  forms  a 
continuous  series  of  solid  solutions  with  magnesium  akermanite  CagMgSigOy. 
Cobalt  akermanite  is  uniaxial  and  negative;  the  indices  of  refraction  are 
No  =  1.680,  Ne  =  1.668.  Tb  :  glass  has  N  =  1.690.  A  distinct  pleochroism 
along  No  is  blue  and  along  Ne  is  violet.  These  same  authors  have  shown 
experimentally  that  manganese  and  nickel  akermaniteBCc  nnot  be  synthesized  in 
pure  form,  but  MnO  (up  to  4.  65  weight  %)  and  NiO  (up  to  9.  75  weight  %)  can 
be  incorporated  in  the  composition  of  magnesium  akermanite. 
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Li20  --  AlgOg  --  Si02 

Tscherry  and  Laves  [3]  have  obtained  a  colorless  monocrystal  of  p  eucryptite, 
with  a  diameter  of  more  than  20  mm,  from  a  melt  of  the  composition  (weight  %): 
46.4  eucryptite,  29.2  LiF,  10.  3  AlFg  and  14. 1  VgOg.  The  mixture  was  fused 
(0.5  hour)  at  1200°,  then  cooled  (0. 5-1. 0°/hour)  to  1010°.  The  crystals  are 
hexagonal  bipyramids  and,  rarely,  prisms. 


Li  Chi-tang  [1]  has  studied  the  structure  of  LioAlgSigO^,  one  of  the 
members  of  a  solid  solution  with  the  high -temperature  quartz  structure.  The 
basic  structure  is  a  skeleton,  consisting  of  6  and  8  member  rings,  with  the 
lithium  atoms  located  in  the  cavities.  He  also  [2]  showed  the  mechanism  of 
reconstructive  (with  breaking  of  chemical  bonds)  transition  of  the  high-tempera¬ 
ture  phase  of  LiAlSigOg  (see  p.  212)  into  the  kitite  form. 
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Na20  --  AlgOg  --  Si02 

Grundy  and  Brown  [2,3]  have  accomplished  a  high -temperature  (up  to 
850°)  X-ray  study  (powder  and  monocrystal  methods)  of  natural  and  of  a  large 
number  of  synthetic  albites,  obtained  by  prolonged  (up  to  3000  hours)  crystal¬ 
lization  of  glasses  at  500-1000°  and  elevated  pressure.  The  authors  discuss 
the  effect  of  "order-disorder"  transitions  on  the  unit  cell  parameters. 

Grundy  and  colleagues  [4]  have  shown  that  "high"  albite  becomes  mono¬ 
clinic  at  about  930°.  Eberhard  [1]  and  Stewart  and  colleagues  [5-7]  also  have 
been  occupied  with  the  structural  investigations  of  albite  at  elevated  tempera¬ 
tures. 
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1^0  --  A1  Os  —  Si02 
2 

Yamaguchi  [1]  obtained  K^O*  AlgOg*  Si02,  by  annealing  a  mixture  of 
KgO’AlgOg  and  Si02.  There  is  a  continuous  series  of  solid  solutions  between 
cubic  KgO- AlgOg*  Si02  and  KgO*  AlgOg.  These  solid  solutions  are  formed  by 
the  action  of  I^COg  vapors  on  mullite. 
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BeO  --  A1203  --  SiOg 

Bahat  [1]  has  studied  the  kinetics  of  the  hexacelsian-celsian  transforma¬ 
tion,  proceeding  from  powders  of  various  particle  sizes.  The  transforma¬ 
tion  takes  place  slowly  for  powders  with  0.  635  cm  grains.  If  the  powder  is 
g  'ound  to  200  mesh,  the  transformation  is  accelerated  snd  takes  place  in  three 
stages:  the  first  stage  is  controlled  by  the  crystal  growth  rate,  the  second, 
by  both  the  rate  of  nucleus  formation  and  crystal  growth  rate  and  the  third  stage 
is  controlled  by  the  rate  of  nucleus  formation.  The  crystal  growth  activation 
energy  in  the  first  period  is  20  kcal/mole. 
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MgO  —  A12Os  —  Si02 

Langer  and  Schreyer  [1],  proceeding  from  pure  cordierite  glass  (2MgO* 
2A1203*  5Si02>,  by  means  of  crystallization  of  it  at  980°,  obtained  a  metastable 
solid  solution,  designated  as  "high  quartz.  "  The  maximum  amount  of  this 
product  was  obtained  in  50  min,  and  an  increase  in  the  amount  of  "high  cordierite" 
then  took  place.  For  transformation  of  "high  cordierite"  into  "low  cordierite,  " 
a  temperature  of  1400°  and  prolonged  exposure  was  required.  The  authors 
demonstrated  the  fruitfulness  of  using  infrared  spectroscopy  for  study  of 
cordierite  polymorphism. 

For  characterization  of  the  initial  stages  of  structural  transformations 
from  "high"  to  "low"  cordierite,  the  authors  propose  introduction  of  a  "width 
index"  W^3,  which  is  a  more  sensitive  X- radiographic  parameter  than  the 
"orderliness  index"  A  usually  used. 

Zeck  [3]  thinks  that  it  is  advisable  to  use  the  K <X^  reflections,  observed 
in  X-ray  difraction  images  for  a  more  detailed  characterization  of  the  order¬ 
liness  of  cordierite. 

Schulz  and  colleagues  [2]  have  obtained  a  new  compound  of  variable 
composition  MgO*  Al203*xSi02,  where  x  =  3-4,  hexagonal  crystalsystem  with 
the  high-t,cmperature  quartz  structure. 
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CaO  --  A1203  —  Si02 

Thermal  expansion  of  monocry3tals  of  anorthite  CaAlgSigOg  over  a  wide 

temperature  region  has  been  studied  [1],  by  means  of  a  new,  improved 

Siemens  diffractometer.  A  decrease  in  volume  was  observed  from  20  to  240°, 

and  then  an  increase  (up  to  1500°).  At  300°,  the  volume  of  anorthite  became 

equal  to  its  volume  at  room  temperature.  In  the  20-1000°  temperature  region, 

“6 

the  average  coefficient  of  thermal  expansion  was  cC  —  IV  10  .  An  increase 

in  temperature  causes  a  change  in  the  monoclinic  lattice  from  primitive  to 
body-centered. 
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SrO  --  AlgOg  --  Si02 

Reid  and  Ringwood  (1]  have  shown  that  SrAlgSigOg  is  converted  into  a 
new,  dense  phase,  at  a  pressure  of  100-120  kbar  and  920°,  having  a  tetragonal 
hollandite  structure,  with  six-fold  coordination  of  silicon  and  aluminum.  The 
composition  of  this  compound  differs  from  the  initial  one,  and  it  has  the 
formula  SrxAl2xSi4_2xOg,  where  x  is  close  to  2.  75.  The  unit  cell  parameters 
are  a  =  9.  32  and  c  =  2.  72  A. 
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BaO  --  AlgOg  --  SiOg 

Semler  and  Foster  [2]  have  given  a  new  version  of  the  section  included 
o  in  the  "celsian  —  silica  —  alumina"  triangle.  Compared  with  the  diagram 
proposed  by  Toropov  and  colleagues,  the  mullite  field  is  decreased  and  the 
celsian  field  is  expanded,  a.  ,  result  of  which  celsian  and  silica  became  co¬ 
existing  phases.  In  the  secti  a  of  the  triangle  being  discussed,  there  are  two 
invariant  points:  a  eutectic  among  the  celsian,  silica  and  mullite  fields,  contain¬ 
ing  19  weight  %  BaO,  15  AlgOg  and  66  SiOg,  melting  at  1296  -  3°,  and  a  re¬ 
action  point  among  the  celsian,  mullite  and  alumina  fields,  with  a  temperature 
of  1554  h  4°,  containing  26  weight  %  BaO,  27  AlgOg  and  47  SiOg.  Triple  solid 
solutions  were  not  found. 

Reid  and  Ringwood  [1]  have  shown  that  BaAlgSigOg  is  transformed  into 
a  new  dense  phase  at  a  pressure  of  ICO -120  kbar  and  900°,  having  the  tetragonal 
hollandite  structure,  with  six-fold  coordination  of  silicon  and  aluminum.  The 
composition  of  this  compound  differ**  from  the  initial  one,  and  it  is  expressed 
i  j  by  the  formula  Ba^l^Si^gx^s*  where  x  is  close  to  0.  75.  The  unit  cell 
parameters  are  a  =  9.41  and  c  —  2.  72  A. 
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EuO  --  A12Os  —  Si09 

Jaffe  [1]  has  synthesized  three  divalent  europium  aluminosilicates, 
EuAlgSigOg  (isomorphic  with  SrAlgSigOg),  EUgAlgSiO^  and  EUgAljgSigOg^, 
having  structures  similar  to  the  corresponding  strontium  compounds.  The 
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initial  materials  were  Eu9Og,  Al(OH)g  and  SiOg.  Annealing  was  carried  out 
in  silica  or  alumina  crucibles,  in  an  atmosphere  of  NHg  or  a  mixture  of  Hg 
and  Ng,  at  1250-1350°.  A  small  single-phase  region  is  introduced  in  the  triple 
diagram,  surrounding  the  compound  EuAlgSigOg,  although  the  author  does  not 
introduce  any  indications  of  solid  solutions. 

The  substances  obtained  are  phosphors,  activated  by  divaler+  europium. 
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CaO  --  GeOg  --  SiOg 

Eysel  and  Hahn  [2],  studying  the  partial  system  Ca2Si04  —  Ca2GeC>4 
by  the  differential -thermal  analysis  method,  found  that  continuous  solid  solutions 
are  formed  in  both  the  high-temperature  region  (  £  solid  solution)  and  in  the 
low -temperature  (below  725°)  regions  (y  solid  solution).  Limited  solid  solutions 
are  formed  adjacent  to  dicalcium  silicate,  not  only  based  on  the  d  '  modification 
of  Ca2Si04,  but  based  c  i  the  metastable  f  Ca2Si04. 

Eysel  and  Hahn  [1]  have  studied  the  partial  sy&tem  3CaO  Si02  --  3CaO* 
GeOgJ  they  also  found  complete  compatibility  here  and  they  confirmed  the  re¬ 
sults  of  Boykova,  Toropov  and  Vavilonova,  concerning  the  polymorphic  forms 
of  tricalcium  germanate. 

The  authors  showed  that  a  small  number  of  foreign  ions  can  stabilize 
various  high -temperature  modifications  of  3CaO*GeC>2.  The  effect  of  ZnO  was 
studied  in  special  detail. 

Pure  3CaOGe09  is  thermodynamically  unstable  below  1335°. 
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BaO  --  Ti02  --  Si02 

Berberova  and  colleagues  [1]  have  studied  the  fusibility  diagram  (crystal¬ 
lization  surface)  by  the  drop  point  method  (noncrucible  fusing)  described  by 
Molokhovich  and  colleagues  [2].  They  took  the  temperature  at  which  drops  of 
the  melt  broke  away  from  the  sample  as  the  melting  temperature. 

In  the  central  portion  of  the  triple  diagram,  there  are  fields  of  BaTiSiOg, 
BaTiOg,  Ba2Ti04,  Ba9Si04  and  BaSiOg.  Three  triple  eutectics:  1.  of 
BaTiOg,  Ba2Si04  and  Ba2Ti04  (1450°);  2.  of  BaTiOg,  BaTiSiOg  and  Ba2Si04 
(1245°);  and  3.  Ba2Si04,  BaSiOg  and  BaTiSiOg  (1286°),  contain  ,  respectively: 
57.0,  46.0  and  54.0  mole  %  BaO,  41.0,  30.0  and  7.0  mole  %  TiOg  and  2.0, 

24.  0  and  39.  0  mole  %  S’Og. 

The  BaTiOg  --  BaSiOg  section  is  not  a  stable  section  (these  compounds 
do  not  coexist).  Reactions  take  place  among  them,  leading  to  formation  of 
BaTiSiOg  (barium  sphene)  and  Ba2Si04.  The  BaTiSiOg  --  Ba2Si04  section 
also  is  not  stable.  The  reaction  BaTiSiOg  +  2BaTi04  “  BagSi04'+  3BaTiOg 
takes  place  here.  Coexisting  compounds  are  BaTiOg  +  Ba2Si04  and  BaTiSiOg-*- 

Ba2Si°4* 

Robbins  [5],  in  study  of  the  BaTiOg  --  Si02  system,  obtained  the  compound 
Ba2TiSi2Og,  which,  by  optical,  crystallographic  and  X-ray  data,  corresponds 
to  the  natural  mineral  fresnoite,  described  by  Alfors  and  colleagues  [3].  The 
natural  mineral  is  in  the  tetragonal  crystal  system,  with  space  group  P4/mbn 
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(or  P4bm),  a  =  8.52,  c  =  5.21  A,  c/a  —  0.6115,  experimental  density  4.43 
g/cm**,  calculated  4. 45  g/cm**;  Z  =  2,  uniaxial  (-),  No  =  1.775,  Ne  *  1.765, 
and  it  is  pleochroic  from  colorless  to  yellow.  Monocrystals  of  2BaC*  TiOg* 

2Si02  were  obtained  by  heating  a  mixture  of  BaCOg,  T102  and  SiOg  a;  1425° 
and  cooling  at  a  rate  of  3°  per  hour  (see  also  [4]). 

The  authors  demonstrate  that  BaTiSiOg,  barium  sphene,  was  not  obtained 
synthetically,  but  that,  actually,  the  compound  3a2TiSi2Og  always  was  formed, 
with  a  X-ray  photo  coir  ciding  exactly  with  that  which  was  ascribed  to 
"barium  sphene.  "  The  BaTiOg  —  SiOg  system  cannot  be  considered  to  be 
binary. 

The  solubility  of  Ba2TiSi.?Og  in  a  melt  of  the  composition  IBaO  +  lTi.02  + 
lSiC>2,  somewhat  enriched  in  titanium  dioxide,  is  86  weight  %  at  1400°.  The 
congruent  melting  temperature  of  1400°,  adopted  by  Reese  and  Roy  for  BaTiSiOg, 
actually  is  the  point  at  which  the  compound  Ba2 TiSi  Og  begins  to  crystallize 
from  the  melt.  Robbins  found  little  solution  of  TiOg  in  Ba9TiSi2Og. 
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Cr2°3  ""  Ti°2  “  Si°2 

Berezhnoy  [1],  on  the  basis  of  his  studies,  notes  that  ternary  compounds 
and  triple  solid  solutions  are  not  formed  in  the  system.  It  was  shown  that, 
up  to  1627°,  CrgTigO^  coexists  with  silica.  A  large  region  of  immiscibility 
of  the  liquids  is  assumed. 
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FeO  --  Ti02  --  Si02 

Lamprecat  and  Wc'.rmann  [1]  have  studied  the  system  in  the  subsolidus 
region  at  1130°  and  various  pressures.  The  following  three  phases 
are  in  equilibrium 

at  atmospheric  pressure  (the  compatibility  triangles  are  being  considered): 

1.  FeO  (wiistite)  +  Fe2Si04  +  Fe2Ti04;  2.  Fe2Si04  -b  SiOg  ~b  Fe2Ti04; 

3.  Fe2Ti04+  Si02  +  FeTiOg;  4.  FeTiOg  +  Si02  +  FeTi205;  5.  FeTiOg + 
Si02  +  TiOg. 

An  increase  in  pressure  causes  the  following  reactions:  at  10  kbar, 
2Fe2Ti041'  Si02  =  2FeTiOg  +  Fe2Si04  andFeTi205=  FeTiOg  4-  Ti02; 
at  20  kbar,  Fe2Si04  -f  SiC>2  =  2FeSiOg;  at  30  kbar,  Fe2Ti04=  FeTiOg  *f 
FeO. 
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NagO  --  ZrOg  --  SiOg 

Sircar  and  Brett  [1],  using  sealed  platinum  ampules,  found  that  all  ternary 
compounds  found  in  the  system  --  NagO*  ZrOg*  SiOg,  2NagO‘  2ZrOg*  3Si02  and 
NagO*  ZrOg*  2 SiOg  --  melt  incongruently  at  1480,  1545  and  1460-1500°, 
respectively,  forming  ZrOg  and  liquid.  All  of  these  compounds  occur  in  the 
zirconium  dioxide  field. 

The  authors  introduce  a  diagram  in  which  seven  fields  are  observed 
(not  considering  the  small  sodium  silicate  fields):  ZrOg,  NagZrOg,  NagO- 
ZrOg*  SiOg.  2NagO*  2ZrOg*  3SiOg,  Na2<>  ZrOg*  2Si02,  ZrSiO^  and  SiOg. 

The  three  invariant  peritectic  points  among  the  NZ  —  NZS  --  Z,  NZS  -- 
NgZgSg  --  Z  and  NgZgSg  --  NZS2  —  Z  fields  contain,  respectively:  38.5, 

43.  0  and  32.  0  weight  %  NagO;  36. 0,  14.  0  and  7.  0  weight  %  ZrC>2;  25.  5, 

43.0  and  61.0  weight  %  SiOg,  and  have  temperatures  of  1380,  1446  and  1450°. 

The  authors  were  the  first  to  draw  the  contours  of  the  zircon  field, 
which  is  located  along  the  silica  field,  in  the  form  of  a  narrow  ribbon. 

The  liquidus  temperature  in  the  very  large  zirconium  dioxide  field 
exceeds  1700°,  with  a  ZrOg  content  of  more  than  70  weight  %. 

The  triangulation  carried  out  showed  that  ZrC>2  coexists  with  all  three 
ternary  compounds;  zircon  coexists  with  NagO  2Si02>  Na20  3Si02  and  NagO* 
ZrOg*  2SiOg;  the  compound  NZS  coexists  with,  beside  ZrOg,  NagO-ZrOg, 
2Na20’Si02  and  NagO-SiOg, 
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Hf02  —  Zr02  —  Si02 

Ramakrishnan  and  colleagues  [2]  have  investigated  the  breakdown  of 
zircon  ZrSiO^,  occuring  in  a  solid  solution  with  hafnium  silicate  HfSiO^. 
Spectrally  pure  ZrSiO^  dissociates  into  ZrOg  and  SiOg  at  1677°,  according  to 
Bitterman  and  Foster  [1].  ZrSi04,  occuring  in  a  solid  solution  with  HfSiO^, 
increases  its  stability:  dissociation  of  zircon  is  decreased  with  increase  in 
HfSiC>4  content  in  the  solid  solution. 
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Th02  --  ZrOz  —  Si02 

Ramakrishnan  and  colleagues  [1]  have  found  4  mole  %  ThSiG4  dissolves 
in  zircon  ZrSi04  at  1630°.  It  was  found  that  dissociation  of  zircon  is  facilitated 
by  the  presence  of  ThSi04.  The  effect  of  ThSi04  on  dissociation  of  ZrSi04 
is  opposite  to  the  effect  of  HfSi04. 
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Fe,04  --  Zr02  -•  Si02 

Jones  and  colleagues  [1],  in  the  process  of  investigation  of  the  quaternary 
system  FeO  --  FegOg  --  ZrOg  --  SiOg,  studied  the  partial  system  iron  oxide  — 
ZrOg  --  SiOg  in  air,  and  they  plotted  a  diagram  for  it  which  is  a  projection 
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of  the  liquidus  surface,  with  the  zirconium  dioxide,  zircon,  magnetite, 

tridymite  and  cristobalite  phase  fields  and  isotherms  for  temperatures  from 

1450  to  2600°  plotted  on  it.  The  spinel  phase  (magnetite)  contains  a  little 

ZrOg,  in  the  form  of  a  solid  solution.  There  are  two  "piercing  points.  " 

This  terir.  is  used  here  to  designate  the  intersections  between  the  four  liquidus, 

monovariant  curves  and  the  oxygen  isobaric  surface  (Pn  =0.2  atm).  Since 

U2 

the  oxygen  pressure  was  fixed  beforehand  in  this  case,  one  degree  of  freedom 
was  eliminated  and,  therefore,  the  compositions  of  all  phases  are  fixed,  as 
in  a  true  invariant  situation.  The  "piercing  points"  are  characterized  by  the 
following  equilibrium  phase  associations:  1.  at  1425°,  spinel,  silica  (tridymite 
or  cristobalite),  zircon  and  liquid  of  J'  '  composition  (weight  %)  76Fe304, 
lOZrO^  and  14Si02  are  in  equilibrium.  *.  at  1438°,  spinel,  zircon,  zirconium 
dioxide  and  liquid  of  the  composition  74Fe304,  17ZKX,  and  9Si02.  Moreover, 
the  invariant  situation  at  1660°  is  characterized  by  an  equilibrium  association 
of  silica,  zircon,  zirconium  dioxide  and  liquid  of  the  comj  osition  47Fe304> 
23Zr02  and  30SiO2,  and  a  second  liquid  of  the  composition  5Fe304,  4Zr02 
and  91Si04. 
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Y203  --  Hf02  --  Si02 

Grebenshchikov  and  Pari'enenkov  have  studied  the  phase  diagram  of  the 
partial  systems  HfOg  --  YgSiOg  [1J  and  HfOg  —  YgSigO^  [2]  (quenching,  using  a 
molybdenum  vacuum  furnace  at  2800°  and  the  differential -thermal  method). 
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In  both  systems,  a  HfC^-base  monoclinic  solid  solution  contains  about 

2. 5  mole  %  of  the  corresponding  yttrium  silicate  as  a  limit,  at  1700°.  A 
tetragonal  solid  solution  is  observed  above  1900°.  The  cubic  solid  solutions 
contain  from  17  to  47  r*  ’e  %  Y2SiOg  (index  of  refraction  changes  in  this  case 
from  1.S17  to  1.946)  and  from  21  to  48  mole  %  Y2Si20?,  respectively,  under 
normal  conditions,  with  expansion  of  this  region  upon  increase  in  temperature; 
the  index  of  refraction  changes  here  from  1. 880  to  1. 900. 

The  eutectics  of  the  cubic  solid  solutions  and  yttrium  silicates  contain 

82.5  mole  %  YgSiOg  (1800°)  and  87.5  mole  %  YgSigO^  (1600°),  respectively. 
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ZnO  --  V203  --  Si02 

Turne  and  colleagues  [1]  have  studied  the  partial  system  ZnVgO^  -- 
SiOg  in  the  subsolidus  region  (heating  of  mixtures  of  the  extreme  members 
in  a  sealed  quartz  tube).  Formation  of  a  limited  solid  solution  based  on 
ZnVgO^,  expressed  by  the  formula  (l-x)ZnV20^*  2xSi02,  was  found.  In  the 
limiting  solid  solution  at  1000°,  x  =  0.055.  With  decrease  in  temperature, 
solubility  of  Si02  decreases. 
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Jongejan  and  Wilkins  [2]  have  studied  the  system  with  the  aid  of  a  heating 
microscope.  One  ternary  compound  lOCaO*  NbgOg*  6Si02,  niokalite,  having 
its  field  on  the  diagram,  has  been  found. 

In  a  study,  Jongejan  [1]  demonstrated  that  the  compound  3Ca0*Nb20,. 
does  not  ex'st,  and  he  proves  the  formation  of  4Ca0*Nb205,  5Ca0*Nb20,.  and 
llCaO*  2Nb2Og.  These  compounds,  together  with  the  previously  determined 
CaO-NbgOg  and  2  CaO*  NbgO^,  have  their  fields  on  the  triple  diagram. 

Five  peritectic  points  in  the  calcium  oxide-enriched  region,  with  the 
temperatures  indicated  below,  have  the  compositions  (weight  %):  1790°, 
among  the  CaO,  C^S  and  C^jN2  fields;  54.5  CaO,  34.5  NbgO,.  and  11.0  SiC>2; 
1735°,  among  the  CgS,  C^Ng  and  CgN  fields:  50.5  CaO,  38.5  NbgO^  and 
llSi02;  1645°  among  the  CgS,  CgN  and  C4N  fields:  48  CaO,  42  Nb2Os  and 
10  Si02;  1505°,  among  the  CgS,  CgS  and  C4N  fields:  44CaO,  44.  5Nb2Os 
andll.5Si02;  1400°,  among  the  CgS,  C^N  and  CgN  fields:  41.5CaO,  46Nb20,. 
'nd  l2.  5Si02. 
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BaO  --  Ta2Og  --  Si02 

Shannon  and  Katz  [1]  obtained  the  compound  3BaO*4Si02*  3Ta20,. 
t  (Ba2Si4Ta6  °26>  by  a  complex  route,  initially  synthesizing  Ba3Si4Tag023 


quartz  tube),  with  subsequent  oxidation  of  it  (heating  in  air  at  1000°).  The 
compound  obtained  has  hexagonal  symmetry,  with  unit  cell  parameters 
a  =  8.  99  ±  0. 01  and  c  *  7.  79  ±  0.  01  A. 
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CaO  --  Fe903  --  Si02 

Strictly  speaking,  this  system  is  not  a  three-component  one,  since  a 
magnetite  (Fe^O^  field,  containing  divalent  iron,  occurs  in  it.  There  is  a 
hematite  field  in  it,  as  well  as  fields  of  calcium  silicate'i(CaO*  SiOg,  3CaO* 
2Si02,  2CaO*  Si02  and  3CaO-  SiOg)  and  calcium  ferrites  (CaO*  2Fe203,  CaO* 
Fe2G3  and  2Ca0*Fe203).  In  the  region  adjacent  to  silica,  there  is  an  extensive 
region  of  im  miscibility  of  the  liquids. 

The  partial  system  CaO*Si02  --  2Ca0*Fe203  has  been  studied  by 
Iwase  and  Nishioka  [8],  who  treat  it  as  a  simple  eutectic  (eutectic  is  1185°, 

45  weight  %  CaO*Si02);  however,  Burdick  [2],  in  a  study  of  the  triple  system, 
showed  that  the  CaO'  Si02  --  2 CaO'  Fe203  section  intersects  the  field  of 
dicalcium  silicate  and  the  compound  3CaO'  2Si02. 

The  eutectic  easiest  to  melt.  (1192°)  among  the  2CaO*  SiOg,  Ca0*Fe203 
and  CaO*  2Fe203  fields  has  the  composition  7.  5  weight  %  Si02,  66  Fe203  and 
26.  5  CaO. 

The  question  of  ternary  compounds  in  the  system  has  remained  obscure 
up  to  the  present  time.  Thecompound  CaFe2SiOg,  described  by  Kohlmeyer  [9], 
apparently  does  not  exist,  although  solid  solutions  between  this  compound  and 
other  mets  silicates,  diopside,  for  example,  are  observed. 
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Hansen  and  Bogue  [4],  studying  the  concentration  fields  between  di  and 


tricalcium  silicate  and  calcium  ferrites,  also  reject  this  compound. 

At  a  pressure  of  20  kbar  and  900°,  the  garnet  andradite  CagFe2(SiC)j)g 
forms;  it  also  probably  can  be  obtained  in  the  metastable  state,  according  to 
Ito  and  Frondel  [7],  from  coprecipitated  gels  of  the  appropriate  oxides,  by 
heating  at  900°. 

Huckenholz  and  Yoder  [5]  have  obtained  the  garnet  andradite,  starting 
from  glasses  of  this  composition  or  mixtures  of  wollastonite  and  hematite. 
Tests  were  carried  out  in  sealed  platinum  tubes  in  the  presence  of  PtC>2, 
used  as  an  oxygen  source,  or  under  hydrothermal  conditions  in  the  presence 
of  hydrogen  peroxide. 

In  air,  andradite,  having  an  index  of  refraction  of  1. 887  ill  0.  002  and 
a  =  12.056  -  0.003  A,  is  stable  up  to  1137  —  5°,  when  it  dissociates  into 
wollastonite  and  hematite.  In  an  oxygen- rich  atmosphere  and  at  a  pressure  of 
30  kbar,  andradite  is  stable  up  to  1510°. 

The  authors  present  phase  diagrams  of  the  partial  system  CaSiOg  -- 
Fe2Og,  at  pressures  of  1,5, 10, 15  and  20  kbar  (in  the  presence  of  oxygen), 
from  which  it  is  evident  that  the  stability  of  andradite  from  1150°  (at  1  kbar) 
increases  to  1365°  at  15  kbars,  and  *at  this  garnet  melts  congruently  at 


1428°  and  20  kbar. 

Hugill  (61  proposes  the  existence  of  a  rhombic,  pyroxene -related  phase, 
called  "mellorite,  "  formed  by  the  action  of  slags  containing  calcium  ferrites 
on  Dinas  brick  (a  type  of  silica  refractory  brick). 

Fletcher  [3]  has  studied  the  solubility  of  FegOg  in  tricalcium  silicate 
3CaO  Si02  at.  1400-1500°.  The  author  considers  the  solid  solution  formed  tobe 
a  series  3Ca0'Si02  --  "3CaO* Fe^g"  (hypothetical  compound).  The  solubility 
limit  at  1400°  is  1. 5  mole  %  "3CaO*  Feo0,"  or  1. 05  weight  %  Fe90,.  The 
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author  assumes  that  the  substitution  takes  place  according  to  the  scheme: 


0  4-  Q+  /i  + 

3Ca^  ^  -*  3Fe^+  and  6Si' 


6Fe  .  To  balance  the  charges  of  the  ions. 


3  +* 

part  of  the  Fe  is  located  in  the  interstices. 

The  system  has  been  studied  by  Phillips  and  Muan  [11]. 

A  phase  diagram  of  the  triple  system  was  presented  by  Berezhno}  [1], 
and  it  also  is  in  the  handbook  of  Levin  and  colleagues  [10], 
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FeO  --  F^Og  --  SiOg 

The  relationships  between  these  oxides  should  be  considered  as  part  of 
)  the  Fe  —  Si  --  O  system.  In  the  diagram  of  the  FeO  --  FegOg  --  SiOg  system 
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presented  by  Muan  [3],  two  immiscible  liquids,  metallic  iron  and  a  silicate 
melt,  occur  next  to  wiistite. 

In  the  regions  adjacent  to  silica,  a  large  area  of  immiscibility  of  liquids 
is  observed,  with  a  critical  temperature  of  1698°.  According  to  Gibbon  and 
Tuttle  [2],  liquation  is  preserved  under  hydrothermal  conditions.  In  the 
partial  section  Feg04  --  SiOg,  studied  by  Muan,  liquation  is  observed  at  a 
silica  content  of  from  26  to  94  weight  %,  with  a  critical  temperature  of  1670°. 

A  eutectic  with  a  minimum  melting  temperature  (1140°)  was  formed  by 
the  FegSiC^,  Fe^O^  and  SiOg  phases,  and  it  contains  35  weight  %  SiOg, 
llFegOg  and  54FeO;  iron  metasilicate  FeSiOg  is  not  observed  in  an  atmosphere 
of  air. 

Berezhnoy  [1],  who  presents  a  triple  diagram,  proposes  that  a  garnet 
2  +  3  + 

Fe^  Fe2  (SiO^)g  should  exist  at  very  high  pressures. 
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Na20  --  NaF  --  Si02 

In  investigation  of  the  crystallization  of  glasses,  Willgallis  [1]  has 
roughly  studied  the  partial  triple  system  NagSiOg  --  NagSigOg  —  NaF. 

A  previously  undescribed  effect  of  transformation  of  sodium  metasilicate  was 

discovered.  The  system  behaves  as  a  simple  eutectic,  without  formation  of 

f 

new  compounds. 
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CaO  --  CaF2  —  Si02 

Gutt  and  Osborne  [1]  have  studied  the  partial  system  3Ca0*Si02  —  CaF2, 
in  which  the  compound  (3CaO*  Si02)g’  CaF2  exists.  There  is  a  two-phase  field 
(3CaO- Si02)g#  CaFg-f-  CaF2  in  the  1120-1100°  range;  the  compound  being 
discussed  occurs  in  combination  with  liquid  in  the  1175-1120°  range.  Above 
1175°  and  below  1100°,  the  compound  (3CaO’  Si02)g*  CaF2  is  not  observed. 

The  compound  (3CaO*  Si02>3*  CaF2  has  a  small  field,  surrounded  by 
the  fields  of  the  solid  solutions  3 CaO  SiOg,  2CaO'  SiOg,  CaF2  and  CaO,  in  the 
phase  diagram  of  the  partial  triple  system  CaO  --  2  CaO*  Si02  --  CaF2.  The 
four  eutectics  existing  here  have  melting  temperatures  between  1113  and  1175? 

Heiman  and  Franke  [2]  have  studied  the  reaction  between  SiOg  and  a  melt 
of  CaF2  4-  CaClg.  Initially  (at  840-860°),  metastable  pseudowollastonite  is 
formed.  Subsequently,  under  conditions  of  a  high  fluorine  content,  cuspidine 
is  formed. 
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NagO  —  Si02  --  H20 
]  Three  new  natural  sodium  hydrosilicates  have  been  found  in  Magadi 

(Kenya):  magadiite  NaSi^O^OH)^  3H20,  kenyatite  NaSi^OgQ  5(0H)*3H20 
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and  makatite  NagSi^Og*  SHgO  or  NaSLg  03(0H>3*  HgO.  The  first  two  minerals 
have  been  described  by  Eugster  [2],  The  author  points  out  that  they  are  well- 
cr%  .  caiiized  lamellar  silicates,  with  a  large  basal  interplane  distance. 

Makatite  has  been  characterized  by  Sheppard  and  colleagues  [4].  The 
mineral  is  in  the  orthorhombic  crystal  system,  with  unit  ceil  parameters 
a  =  16.  840  ±  8,  d  =  10.  256  ±  4,  c  -  19.  146  ±  7  A,  V  -  3.  3069  ±  1. 5  A3; 
the  indices  of  refraction  Ng  —  1. 487  i  0.  001  and  Np  1. 472  i  0. 001. 

A  differential-thermal  analysis  curve  has  been  obtained,  with  strongly 
endothermic  effects  at  80,  100  and  185°,  extensive  endothermic  effects  at 
530  and  810°  and  an  extensive  exothermic  effect  at  675°. 

Ryskin  [1]  has  investigated  the  structure  of  some  sodium  hydrosilicates, 
on  the  basis  of  infrared  spectroscopy  data. 

Freund  [3]  and  colleagues  presents  the  results  of  study  of  sodium  hydro¬ 
silicates  by  proton  magnetic  resonance. 

Williams  and  Dent-Glasser  [5]  have  investigated  the  position  of  the 
hydrogen  atoms  in  the  compound  NagO  SiC^-  6H30,  with  the  aid  of  neutron 
diffraction. 
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Khitarov  &  colleagues  [2]  have  investigated  equilibrium  transformations 
in  the  system  at  high  temperatures  and  pressures  from  thermodynamic  data. 
Over  a  broad  range  of  temperatures  and  pressures,  tnermodynamic  calculations 
of  the  following  reactions  were  carried  out:  T  +  3B  =  2Sp  (I),  Sp  +  B  =  2F  +• 

3V  (II),  5Sp  “■  6F  +  T  +  9V  (in),  T  +  5B  =  4F  +  6V  (IV),  T  +  B  =  2E  +  2V 
(V),  T  f  F  **  5E  V  (VI),  B  +  E  -  F  4-  V  (VII),  B  +  6E  -  2F  +  T  (VHI) 

(Sp  is  serpentine,  T  is  talc,  F  is  forsterite,  E  is  enstatite,  B  is  brucite  and 
V  is  H20). 

The  authors  calculated  a  series  of  equilibrium  phase  boundaries  in  the 
MgO  --  SiOg  --  HgO  system,  on  the  basis  of  a  critical,  comprehensive 
selection  of  thermochemical  data  of  the  minerals.  A  P-t  diagram  of  the  phase 
relationships  in  the  system,  plotted  from  thermodynamic  data,is  presented, 
as  well  as  a  schematic  P-t  diagram,  showing  the  stability  fields  of  the  mineral 
associations  vs.  temperature  and  pressure.  The  authors  point  out  that,  of  all 
the  equilibria  established,  only  8  are  stable  from  thermodynamics  considerations; 
only  three  are  encountered  and  recorded  in  nature:  Sp  f-  B  =  2F  -+3V  (II), 

5Sp  -  6F  +-  T  +  9V  (IH),  F  +■  T  *=  5E  V  (VI). 

Khitarov  and  colleagues  [3]  and  Korytkova  and  Makarova  [1]  have 
investigated  the  serpentinization  process.  Electron  microscopic  studies  of 
synthetic  and  natural  chrysotile  have  been  carried  out  [4].  Sclar  and 
Carrison  [7]  have  studied  the  dependence  of  serpentine  stability  on  pressure, 
with  limited  temperatures.  Scarfe  and  Wyllie  [6]  also  have  investigated  the 
behavior  of  serpentine  under  various  conditions. 


MgO  --  HgO.  The  phase  equilibria  in  the  MgO  --  HgO  system 
have  been  investigated  by  Yamaoka  and  colleagues  [5],  at  temperatures  from 
500  to  1450°  and  pressures  from  5  to  40  kbar.  The  authors  present  a  P-t 
curve  of  the  equilibrium  between  brucite,  on  the  one  hand,  and  periclase  and 
water  vapors  on  the  other.  The  curve  passes  through  the  points  810°  and  10 
kbar,  945°  and  20  kbar,  1000°  and  32  kbar  and  975°  and  40  kbar.  Extrapolation 
of  this  curve  to  lower  pressures  agrees  with  the  data  of  other  investigators, 
who  used  the  hydrothermal  technique.  The  authors  also  present  data  on  the 
growth  of  brucite  crystals  at  high  pressure. 
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CaO  —  Si02  —  H20 

In  study  of  the  CaO  —  SiOg  --  HgO  system  at  the  present  time,  the 

^  principal  attention  is  given  to  study  of  the  structure  and  structural  singularities 

/ 

of  both  individual  phases  of  the  system  and  of  their  analogs.  Belov  and 
colleagues  [1, 16]  and  Butt  and  colleagues  [2]  have  synthesized  monocrystals 
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of  calcium  hydrosilicates  hydrotherm  ally.  The  structure  of  the  hydrosilicate 
of  composition  6CaO  3Si02*  HgO  (Y  phase  or  dellaite)  has  been  studied  [4]. 
Monocrystals  of  this  hydrosilicate  have  been  obtained  by  hvdrothermal 
crystallization  in  the  NagO  --  CaO  --  SiOg  --  HgO  system  [1, 12, 13, 16].  The 
structural  formula  of  phase  Y  is  Cag(Si,,07)*  {Si04)(0H),  triclinic  crystal 
system,  unit  cell  parameters  a  -  6.85,  b  =  6.95,  c  =•  12.90  A,  <X  —  90°45', 

0  -  97°20',  y  =  98°15',  Z  =  2CgS3H.  Works  of  Dornberger-Shiff  and 
Organova  [5],  studying  rustamite,  Taylor  and  coTeagues  [14]  on  thaumasite, 
a  calcium  hydrosilicate  with  SO^CO^)  groups  in  the  stnacture,  Mamedov  and 
colleagues  [6],  on  calcium  hydrosilicate  and  their  analogs,  rebinder  and 
colleagues  on  the  role  of  chemical  condensation  in  the  processes  of  hydro- 
thermal  transformations  of  tobermorite-like  calcium  hydrosilicates,  also  have 
been  devoted  to  study  of  the  structural  singularities  of  calcium  hydrosilicates. 
The  correlating  work  of  Ryskin  Structure  and  Infrared  Spectra  of  Acid  Silicates 
[7]  also  concerns  the  calcium  hydrosilicates  Ca2(HSi04)‘  OI1  (tf  -hydrate), 
Ca3(HSi04)2‘ 2H20(afwxllite),  Ca^Fg  (HSi04)2*  2H20,  1 1.  3  A-tobermorite. 

Nikol  [19]  presents  new  data  on  the  composition  and  thermal  dehydration 
of  nekoite. 

Sereda  and  colleagues  [8]  have  investigated  the  microstructure  of  calcium 
hydrosilicates  by  the  electron  microscope  and  X-ray  methods.  The  authors 
have  studied  the  morphological  and  microstructural  changes  over  time  of 
hydrated  tricalcium  silicate  pastes.  A  large  amount  of  work  has  been  devoted 
to  study  of  hydration  of  3CaO-  SiOg,  the  kinetics  and  the  mechanism  of  this 
process  and  investigation  of  the  hydration  products  [9, 15, 17, 13, 21,  22].  One 


of  the  structural  singularities  of  the  calcium  hydrosilicates  is  their  capacity 


for  isomorphic  substitutions  [10, 11],  An  exhaustive  bibliography  on  this 
question  has  been  presented  by  Taylor  [20], 
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